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P-type Cu-Al-O transparent semiconductor thin films were prepared by the PE-
MOCVD (plasma-enhanced metal-organic chemical vapor deposition) technique. A 
study of structural, electrical, optical, and other properties of the films was carried out 
by utilizing various techniques, such as XRD, EDX, AFM, XPS, UV-visible 
spectroscopy, and the Seebeck technique. 
Cu-Al-O thin films were grown on z–cut single-crystal quartz, with the nominal 
Cu:Al ratios ranged from 1:1 to 6:1. It was observed that structural, electrical and 
optical properties of the films, especially electrical conductivity and optical 
transmittance, were significantly affected by the ratios of Cu:Al. The most conductive 
film, with a conductivity of 0.289 S cm-1 and a transmittance as high as 80%, was 
obtained with a nominal Cu:Al ratio of 1.5:1. 
A comparison of single-crystal and amorphous SiO2 as substrates for growth of 
Cu-Al-O thin films was also made. It was observed that under a nominal Cu:Al ratio of 
3:1, the crystalline films grown on single-crystal quartz were as conductive as 0.036 S 
cm-1. However, the amorphous or nanocrystal films grown on amorphous SiO2 
substrates were insulators. It was also found that the single-crystal SiO2 substrate was 
preferred for crystalline growth of films; while the amorphous or nanocrystal films 
were inclined to grow on amorphous SiO2 substrates. 
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STATEMENT OF RESEARCH PROBLEMS 
 
My work is to investigate the preparation of p-type ternary Cu-Al-O films by PE-
MOCVD technique. The obtained films showed high conductivity and high 
transparency. The structural, electrical and optical properties of films were studied to 










1.1 Background    
 
Although the first transparent conducting oxide (TCO) film was found in 1907, n-type 
TCOs with significantly high electrical conductivity did not appear until the 1970s, and 
p-type TCOs with desirable electrical conductivity appeared only very recently [1,2].  
Unlike conventional opaque semiconductors such as Si, Ge, and GaAs, TCOs 
allow the passage of visible and near-infrared light and the absorption of ultraviolet 
rays. So far, n-type TCOs (refer to Appendix) with a conductivity of 104 S cm-1 and 
transmittance of 80% have been well developed, and applied in the actual 
microelectronic field. In contrast, very few feasible p-type TCOs have been developed. 
Due to the lack of p-type TCOs, p-n junctions made exclusively from TCO materials 
remain difficult to fabricate [3-6]. 
The research on TCO thin films is still in an embryonic phase. To date, most of the 
work concerning TCOs is focused on the synthesis and characterization of bulk 
materials. It is well-known that thin films provide more desirable properties that are 
not easily attained from their bulk counterparts. 
There are many methods of growing TCO films. Among them, the chemical vapor 
deposition (CVD) technique is one of the most widely used techniques to grow high 
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quality thin films in the microelectronic industry. Advantages of the CVD technique 
include: easy composition control, the possibility of uniform deposition over a large 
area and the potential coverage of non-planar shaped substrates. Moreover, CVD is 
cost-effective compared to other deposition techniques, such as molecular beam 





As a promising p-type TCO, CuAlO2 has drawn a lot of attention recently. However, 
synthesis of pure CuAlO2 thin films is complicated due to the variety of possible 
copper aluminum oxide (Cu-Al-O) phases [7].  
Qualities of CuAlO2/Cu-Al-O thin films grown by metal-organic chemical vapor 
deposition (MOCVD) are unrivalled in terms of electrical and morphological 
characteristics. Our group first reported the growth of Cu-Al-O thin films by plasma-
enhanced metal-organic chemical vapor deposition (PE-MOCVD). Tantalum filaments 
in our specifically designed PE-MOCVD serve as the heating coils, providing 
deposition temperature as high as 800°C. The in situ deposition temperature control 
and a wide range of deposition speed greatly facilitate the growth of transparent thin 
films. Compared with the vacuum evaporation technique, PE-MOCVD is superior 
since the Cu-Al-O films grown with this method have longer lifespan. 
Some researchers specializing in CuAlO2/Cu-Al-O thin films are striving to find 
the conduction mechanisms of the thin films, while others are trying to find new or 
improved growth methods to enhance the performance of the thin films, especially 
their conductivity and transmittance. So far, however, the effects of Cu:Al atomic 
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ratios in a Cu-Al-O ternary system on the properties of the films have been less probed. 
Since appropriately doped Cu2O is a well-known p-type oxide, the study of the co-
existence of both Cu2O and CuAlO2 in a reaction system is expected to increase our 
understanding of p-type conduction mechanisms of CuAlO2/Cu-Al-O thin films. The 
effect of crystalline states of substrates on the properties of Cu-Al-O films is another 
important task in our study in view of the insufficient study in this area. The substrates 
that have been used in other works include single-crystal sapphire, which is more 
expensive compared to the quartz used in our study, and silica glass substrate, which is 
not appropriate for high temperature deposition [5,7-9].  
 
 
1.3 An Outline of This Thesis 
 
P-type Cu-Al-O thin films were fabricated by the PE-MOCVD technique. The effects 
of Cu:Al atomic ratios and crystalline states of silicon dioxide substrates on the 
physical (electrical and optical) and structural properties of Cu-Al-O thin films were 
addressed. The Cu:Al atomic ratios investigated in this study were between 1:1 and 6:1. 
The silicon oxide substrates employed in this study include: amorphous quartz, 
commercially used SiO2/Si (100) wafer, and (100) z-cut synthetic single-crystal α-
quartz plate.   
The thesis is composed of six chapters. Chapter 1 introduces the background and 
the outline of the research work. Chapter 2 is the literature review on the properties of 
p-type TCOs and CuAlO2/Cu-Al-O thin films, and current status of works on 
CuAlO2/Cu-Al-O thin films. Chapter 3 presents the features of PE-MOCVD and thin 
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film analytical techniques used in our study. Chapter 4 describes the influence of 
Cu:Al ratios on the structural and physical properties of p-type Cu-Al-O transparent 
thin films grown on the z-cut single-crystal quartz substrates. Chapter 5 details the 
effect of SiO2 substrates with different crystalline states on the properties of Cu-Al-O 
thin films. Conclusions of this study and suggestions for future work are given in 
Chapter 6. Lastly, some frequently used n-type TCOs and new TCOs are briefly 
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2.1 An Introduction to TCOs   
 
Some of the metal-oxides become TCOs if they are prepared off-stoichiometry or 
doped with the suitable impurity. Among them, binary TCOs containing d-block and 
p-block heavy metal cations, such as ZnO, CdO, Ga2O3, In2O3, Tl2O3, SnO2, PbO2 and 
Sb2O5, were the primary forms of TCOs a decade ago. By appropriate doping of their 
mixtures, multi-cation TCOs became the mainstream of TCO research recently [1,2].  
A semiconductor can be transparent if the energy difference between a full valence 
band and an empty conduction band is greater than the energy of an incident photon. 
Thus, if the band gap is bigger than about 3.1 eV (the energy of a blue photon with a 
wavelength of 400 nm, at the high end of the visible spectrum), the material becomes 




The most common applications of TCOs are listed below:  
1) the TCO films can be used as gas sensing electronic transducers [4];  
2) the TCO films transmit visible light while converting ultraviolet light into 
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electric power, making them used as architectural glass and ultraviolet light-
emitting diodes [5,6];  
3) the TCO films permit the transmission of visible light with little or no 
attenuation, allowing photoemission or electrofluorescence to occur;  
4) TCOs can be used as transparent electrodes and photoemission devices working 
in near-IR wavelength range;  
5) the high transparency in the visible range, together with high reflectivity in the 
infrared, enables TCOs to be used as a transparent heat reflecting material; 
6) very recently, junctions made purely from TCOs have been investigated [7]. 
P-type transparent electrodes may be realized by forming crystalline or amorphous 
CuAlO2/Cu-Al-O films with a gap wider than 3.0 eV. With natural superlattice 
structure, single-crystal CuAlO2 becomes a candidate for thermoelectric energy 
conversion [7].  
 
2.1.2 Electrical Property 
 
The high conductivity of the TCO films can be obtained by stoichiometric deviation. 
The oxygen stoichiometry is critical to the minimization of resistivity, since each 
doubly charged oxygen vacancy contributes two free electrons. TCO conductivity can 
be increased by oxygen annealing [8,9]. For the thin films, the conductivity is greatly 
influenced by the thickness of the films. The surface of a thin film affects the 
conduction of charge carriers by interrupting the carrier transport along their mean free 
path. Additionally, the lattice impurity and the number of structural defects in the film 
also affect conductivity.  
Almost all semiconductor oxide films can exhibit n-type conductivity. The 
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conduction electrons in these films originate from donor sites associated with oxygen 
vacancies or excess metal ions. These donor sites can be created by chemical reduction.  
On the other hand, electrical conduction in a p-type crystalline semiconducting 
material is defined as: σ = nqµp, where σ is the conductivity, n is the concentration of 
holes, q is the electronic charge, µp = qτ/m* is the hole mobility,τ is the relaxation time, 
and m* is the effective mass of the hole. The conductivity is related to the mobility and 
the concentration of carriers. Mobility of charge carriers, µp, depends on the relaxation 
time τ, which further depends on the drift velocity and the mean free path of the charge 
carriers. These parameters, in turn, depend on the scattering mechanism by which the 
carriers are scattered by the lattice imperfection. During thin film deposition, the major 
variables affecting conductivity in p-type thin films are substrate temperature, partial 
pressure of oxygen and post-deposition annealing conditions [4]. 
Four scattering mechanisms are involved in single-crystal semiconducting 
materials: lattice scattering, neutral impurity scattering, ionized impurity scattering, 
and electron-electron scattering. Lattice scattering, which is dominant generally, is due 
to lattice vibrations that distort the periodicity of perfect lattices. The degree of 
distortion is a function of temperature. Categorized into acoustical and optical modes, 
lattice vibrations include acoustic deformation potential scattering, piezoelectric 
scattering, and optical phonon scattering [4].  
In amorphous materials, the hopping process is the dominant conduction 


























aT λ=      (2.3) 
where the value of x depends on the dimensionality and nature of the hopping process, 
k is Boltzmann’s constant, N(EF) is the density of states near the Fermi level, λc is a 
dimensionless constant (≈ 18), vph is the Debye frequency, and a is the decay constant 
of the wave function of the localized states near the Fermi level [4].  
 
 
2.2 Chemical Design and Strategies for Choosing Ternary 
P-type TCOs  
 
Recently, continuous efforts have been made to explore new binary combinations and 
ternary compounds for p-type TCOs. Many ternary compounds have displayed some 
properties superior to the established materials. CuAlO2, CuInO2 and CuGaO2 
delafossite oxides have been intensively studied. Other ternary p-type TCOs, such as 
SrCu2O2 and NaCo2O4, have also been investigated. In addition to the exploration of 
new materials, researchers have investigated new dopants for existing materials, which 
have exhibited excellent performance than any previously obtained. In the meantime, 
new or improved methods for deposition of thin films have been developed or explored. 
For example, in CVD method, more knowledge in reaction kinetic is required to 
balance the demand for source materials with sufficient volatility and reactivity to 
provide high rates of deposition and yield pure materials [10-12].  
Two problems need to be addressed to achieve high conductive p-type TCOs. The 
first problem is the need to reduce the strong localization of positive holes at the 
valence-band edge of the oxide materials. This localization behavior is due to the 
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ionicity of metallic oxides: O 2p levels are generally lower-lying than the valence 
orbits of metallic atoms. Consequently, if a positive hole is introduced by substitutional 
doping, the hole is localized and cannot migrate within the crystal lattice. In other 
words, the hole constitutes a deep acceptor level. A possible solution would be the 
introduction of covalency in the metal-oxygen bonding to induce the formation of 
extended valence-band structure [2].  
The second problem to consider is what kind of cationic species and crystal 
structure should be selected for the introduction of covalency. The cation should have 
a closed electronic shell in order to avoid coloration. If the energy level of the 
uppermost closed shell on the metallic cation is almost equivalent to the 2p levels of 
the oxide ions, chemical bonds with considerable covalency are formed between the 
metallic cations and the oxide ions. Both of the atomic orbitals are occupied by 
electron pairs. The resulting antibonding level becomes the highest occupied level: a 
valence-band edge. The two closed-shell electronic configurations of cationic species 
are d10s0 and d10s2. To date, no attempt to construct p-type TCOs from d10s2 cations, 
such as Sn2+ and Sb3+, has been proved successfully. Researchers have, however, 
focused on the d10s0 systems. With the aid of known ultraviolet photoemission 
spectrum (UPS) of n-type conducting CdIn2O4, Kawazoe et al. [2] reported that the 
outermost shell of Ag+ and Cu+ must have an energy level approximating that of an 
oxygen ion.  
Among crystalline phases, delafossite structure has been selected and investigated 
by many researchers. Certain ternary oxides, like AMO2 (A = Cu, Ag, Pt, Pd; M = Al, 
Ga, In, Sc, Cr, Fe, Co, Rh, Y, or a lanthanide), possess the delafossite structure. 
Among them, those with monovalent Cu or Ag (d10) for A are semiconductors, and 
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those with monovalent Pt or Pd (d9) show metallic conductivity. This phenomenon has 
been explained by the s-dz2 hybrid orbitals formed within the plane of A ions [7,13].  
A combination of CMVB (chemical modulation of the valence band) and co-
doping may be strategically useful in the production of transparent oxide 
semiconductors. Both approaches aim at lowering the acceptor level in the oxide [2].  
The CMVB approach modulates valence-band structure of the host materials in a 
chemical way. By introducing covalency, the localized valence-band edge is changed 
to the extended structure, lowering the acceptor level. The thermally activated holes 
can migrate within host lattices because of the extended nature of the valence-band 
edge. The materials satisfying this requirement include oxides with Cu2O or Ag2O or 
both as major components [2].  
On the other hand, co-doping lowers the acceptor level while retaining the valence-
band of the host material. Positive holes are implemented by the introduction of ADA 
complex into the host lattice, where A is an acceptor, and D is a donor. Normally this 
method applies to any kind of wide band gap insulators, and it introduces acceptors 
with lower activation energy. However, it is difficult or impossible to adjust the 
localizing nature of the wide band gap oxide significantly, which possibly hinders 
conductivity adjustment. Based on the model of co-doping, hall mobility increases 
with doping level [2].  
The CMVB approach creates ordinary semiconductor materials with extended 
valence band structure, but the oxides found so far are difficult to dope substitutionally. 
A promising approach for creating transparent electronics may be the combination of 




2.3 Structural and Electrical Properties of CuAlO2 
 
2.3.1 Structural Property of Single-crystal CuAlO2  
 
Single-crystal CuAlO2 is of delafossite structure. As shown in Figure 2.1, small white 
balls indicate Cu ions; small grey balls indicate Al ions; and black balls indicate 
oxygen ions. There are three structural motifs in CuAlO2: dumbbell-like O–Cu–O 
layers parallel with the c-axis, AlO6 octahedron layers, and hexagonal Cu layers (ab 
plane) perpendicular to the c-axis. In CuAlO2, O–Cu–O is two-dimensional and is 
sandwiched by the sheets of AlO6 octahedron [11,14,15]. The AlO2 layers, which share 
edges, consist of AlO6 octahedra. Each oxide ion is in pseudo-tetrahedral coordination, 




















The small coordination number of the Cu cations indicates that oxygen ligands are 
kept at a distance due to strong repulsions between O 2p electrons and d10 electrons on 
Cu cations. Furthermore, the d10 electrons are positioned on almost the same energy 
level as O 2p electrons [2].  
 
2.3.2 Electrical Property  
 
The tetrahedral coordination of oxide ions is an advantage for p-type conductivity. The 
valence state of oxide ions can be expressed as sp3 in tetrahedral coordination, which 
forces the lone pair to participate in one of the sp3 bonds. Eight electrons on an oxide 
ion are distributed in the four σ bonds with the coordinating cations. The electronic 
configuration reduces the nonbonding nature of the oxide ions and the localization of 
the valence-band edge.  
Significantly, the presence of MO2 layers in the AMO2 delafossite structure is 
essential for designing n-type TCO conductivity. In MO2 layers, M cations occupy the 
octahedral sites, which share edges. Thus, the distance between two cations is short, 
and there is no intermediate oxygen atom connecting the two cations. This structure is 
very advantageous for realizing n-type conductivity, provided that the octahedral sites 
are occupied by heavy-metal cations with s0 electronic configurations, such as Ga3+ 
and In3+. The appropriate combination of A and M is expected to generate wide-gap 
and both n and p-type TCOs [2]. 
The difficulty in producing p-type TCO is mainly due to the strong localization of 
positive holes to O 2p levels or an upper edge of the valence band. It was proposed that 
modification of the valence band edge by mixing orbitals of appropriate cations with 
filled shells comparable to O 2p may reduce the strong electronegative force of oxygen 
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ions and thereby delocalize positive holes. The top of the valence band of CuAlO2 is 
composed largely of Cu–O bonding states. The energy of a Cu 3d10 level is close to 
that of O 2p6 level. As a consequence, the formation of covalent bonding is expected 
between Cu 3d10 and O 2p6. The covalent bonding will result in an extension of the 
valence band or reduction of the localization of positive holes.  
Band structure calculations of CuAlO2 have shown that the valence band is 
dominated by the Cu 3d states, and the lower part of the conduction band is dominated 
by the Cu 4s states. This band picture is in accordance with the Orgel model that 
proposed a s-dz2 hybridization with the Cu-O bonds along the c-axis for linearly 
coordinated Cu+ ions. O 2p levels are generally far lower-lying than the valence orbits 
of metallic atoms. Al 3p states hardly contribute to the upper edge of the valence band 
[7,13,18,21].  
The holes produced in the valence band of CuMO2-x might be trapped as Cu2+ 
centers adjacent to oxygen interstitial. In this case, the optical absorption in the visible 
spectrum and the activated conductivity are presumably related to excitations to move 
the hole carriers away from the oxygen interstitial. The trapping of the holes would 
contribute to their decreased mobility relative to that of n-type carriers [13]. 
Some delafossite-type single crystals show anisotropy in the electrical conductivity. 
Koumoto et al. [7] deduced that the Cu layers (two-dimensional hexagonal packing of 
Cu+ ions) would behave as conduction paths for carriers (holes) from the band 
structure in CuAlO2 and the Cu layers would be bonded by weak Cu+ (d10)–Cu+ (d10) 
interactions. Lee et al. [15] investigated the nonbonding orbital (d10) of Cu+ ions that 
form the semiconduction band in close-packed layers perpendicular to the c-axis. 
Ishiguro et al. [16] reported that the Cu–Cu distances (2.86 Å) in the Cu+ layers of 
CuAlO2 are slightly longer than those found in metallic copper (2.56 Å). Zuo et al. [17] 
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investigated d-orbital holes and Cu+ (d10)–Cu+ (d10) bonding in Cu2O, revealing the 
distance of Cu–Cu in Cu2O (3.02 Å). Therefore, d-orbital holes and Cu+ (d10)–Cu+ (d10) 
bonding would be the intrinsic nature of the Cu layers. Zuo et al. also observed the 
layer-by-layer structure of the crystal. Because of its structural anisotropy, electrical 
conductivity was higher along the ab plane (σab) than along the c axis (σc), and thus it 
is easier for carriers to move two-dimensionally along the ab plane than to move 
across the Al-O insulating layers. Hence, epitaxially grown films of CuAlO2 would 
show higher mobility along the ab plane than the polycrystalline films. Thus, a control 
over the crystal orientation of CuAlO2 films may be an important factor in optimizing 
its electrical properties. It is suggested that CuAlO2 is a superlattice structure where 
charge carriers can be effectively confined in the Cu layers [18].  
Yanagi et al. [18] investigated CuAlO2 thin films prepared by pulsed laser 
deposition. They found that its temperature dependence is of the thermal activation 
type (Arrhenius formula) at temperatures higher than 220 K, but is of the variable 
range hopping type (log σ ∝ T-1/4) at temperatures lower than 220 K.  
The variable range hopping theorem is in the form of:  
σ ∝ exp[- (T0/T)]1/(1+n)      (2.4) 
where n is the dimension of the conduction path, and the Cu+ layers (n = 2) would 
obey the (1/T)1/3 rule [19]. However, for the conductivity of the close-packed Cu+ layer 
(σab), Lee et al. [15] found the best linear relationship in the log σ vs. (1/T)1/4 plot at 
temperatures higher than 180 K, indicating that the ab plane may not be the perfect 
two-dimensional structure in some cases. The imperfection on the conduction path 
may be the result of the non-stoichiometric composition of the crystal. 
In the meantime, Ingram et al. [20] reported that the transition from variable range 
hopping to conventional activated behavior appears to be ultimately complete at room 
  15
temperature. High-temperature electrical property measurements of CuAlO2 offer 
convincing evidences for small polaron conduction and activated electrical 
conductivity. In combination with the electrical conductivity, high-temperature 
mobilities in the range of 0.1–0.4 cm2V-1s-1 were calculated, which are consistent with 
small polaron transport. The pre-exponential factor for conductivity ( σ0 = 2.43 × 104 S 
K cm-1) is consistent with both the optical phonon frequency of ~1013/s and the small 
polaron model. These data suggested that, although substantial carrier content can be 
obtained in CuAlO2, its mobility was limited by the small polaron conduction 
mechanism (<1 cm2V-1s-1).  
 
 
2.4 Recent Research Work Concerning CuAlO2/Cu-Al-O  
 
2.4.1 CuAlO2/Cu-Al-O Thin Films 
 
The most important properties of TCO films are the electrical conductivity and optical 
transpmittance. Normally, useful electrical conductivity is larger than 103 S cm-1. It has 
been reported that p-type TCO films generally exhibited conductivity of 10-3 S cm-1 
[21,22]. The desired transmittance of TCO films can be achieved or adjusted by the 
change of film thickness, while conductivity is dependent on many factors, including 
chemical constituents, structure, and morphology.  
Kawazoe et al. [14] reported a pure phase p-type polycrystalline CuAlO2 thin film 
of delafossite structure prepared by pulsed laser deposition with higher conductivity of 
about 0.93 × 10-1 S cm-1, with a transmittance ranged from 27% to 52%.  
Yanagi et al. [18] also reported the electrical and optical properties of CuAlO2 thin 
  16
film prepared by the pulsed laser deposition. In their investigations, energy band 
structures were evaluated by comparing the results of normal/inverse photoemission 
spectroscopy (PES/IPES) measurements with full-potential linearized augmented plane 
wave (FLAPW) energy band calculations. The indirect and direct allowed optical band 
gaps of CuAlO2 were evaluated to be 1.8 and 3.5 eV, respectively. The conductivity at 
300 K was ~3 × 10-1 S cm-1.  
Gong et al. [5] prepared the Cu-Al-O film with the (acac) ligand precursor by 
MOCVD, with a high conductivity of 2 S cm-1, a transmittance in the range of 30-50%, 
and direct band gap of 3.75 eV. Using Al (dpm)3 and Cu(dpm)2, and the same MOCVD, 
Wang and Gong reported Cu-Al-O film with conductivity of 7.3-17 S cm-1, and direct 
band gap ranged from 3.60 to 3.75 eV depending on the annealing conditions. The 
conductivity could increase significantly after annealing, mainly due to the increase in 
carrier concentration. The post-annealing conditions used were at 350°C in ambient air 
from 5 to 15 minutes [6].  
Using the wet chemical method, Ohashi et al. [23] observed an electrical 
conductivity of 4 × 10-3, 4 × 10-3, and 3.8 × 10-3 S cm-1 (resistivity of 250, 250, and 260 
Ω cm) for films that were heated at 800, 850, and 900°C, respectively. These 
conductivity values are higher than that of a sintered bulk CuAlO2 (1.7 × 10-3 S cm-1) 
but are two or three orders lower than that of the CuAlO2 film formed by laser ablation 
(0.95 S cm-1) [2,14].  
Using DC or magnetron sputters with polycrystalline CuAlO2 target, CuAlO2-
dominated thin films were deposited on several kinds of substrates. Banerjee et al. [24] 
reported on the films deposited on the Si and glass substrates whose room temperature 
conductivity was 0.08 S cm-1.  
Additionally, the electrochemical behavior of Cu-Al-O coatings made by CVD has 
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also been investigated. Cu and Al are both highly reactive, as well as unstable 
electrochemically, and their coupling leads to severe damage [25]. 
 
2.4.2 Other Studies  
 
Lee et al. [15] reported that delafossite-type CuAlO2 laminar crystals were prepared 
using a cooling method. The layer-by-layer structure of the crystal was observed. 
Because of the structural anisotropy of the crystal, electrical conductivity along the ab 
plane (σab) was higher than that along the c axis (σc), σab ≥ 25 σc.  
Ingram et al. [20] revealed that the carrier contents of polycrystalline bulk CuAlO2 
at room temperature or higher range from 3.02 × 1020 to 7.56 × 1019 cm-3. Room 
temperature conductivity was estimated to be 0.36 S cm-1. Polycrystalline CuAlO2 
exhibited unique features of small polaron, low mobility of ~0.1–0.4 cm2V-1s-1, and an 
activation energy of ~0.14 eV. Carrier concentrations in the order of 1019–1020 cm-3 
were calculated from the high-temperature thermoelectric coefficient value of ~440 
mV/K. 
Koumoto et al. [7] reported CuAlO2 single crystals with the largest grain of only 2 
mm × 3 mm × 0.2 mm. In his study, the conductivity (σ) of a single-crystal CuAlO2 
has not yet been determined because it is difficult to obtain crystals large enough to 
measure their electrical properties. 
The nanostructured materials with functional properties may provide another 
promising and interesting CuAlO2/Cu-Al-O form. Gong et al. [5] reported 
nanostructured Cu-Al-O thin films with high p-type room-temperature conductivity of 
2.0 S cm-1. Recently, Gao et al. [26] investigated the p-type transparent CuAlO2 
semiconductor films, which were made from nanocrystals by the spin-on technique. 
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Room-temperature conductivity of 2.4 S cm-1 was reported. The Hall effect 
measurement of the film showed a sheet mobility of 3.6 cm2V-1s-1 and a carrier 
concentration of 5.4 × 1018 cm-3. 
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Chemical Vapor Deposition and Thin 
Film Analytical Techniques  
 
 
The first section of this chapter introduces the unique features and the schematic of our 
PE-MOCVD equipment. In the second section, a brief description of the 
characterization techniques used in this study is given. 
 
3.1 PE-MOCVD for Cu-Al-O Thin Films  
 
In the microelectronic industry, CVD is mainly used for growing poly-Si, dielectrics 
(SiO2, Si3N4) and silicides (WSi6). Film growth with CVD depends on a series of 
processes: production of appropriate vapor, transport of vapor to surface, absorption of 
vapor on substrate, reaction rates on substrate, and transport of “waste” products away 
from substrate. The CVD growth process can be divided into the diffusion (mass 
transport) and reaction (kinetically) controlled regimes. In principle, diffusion 
controlled processes result in a good crystallinity of films, with a low temperature 
dependence on the growth rate. However, the process depends on the shape of surface. 
Reaction controlled processes usually produce imperfect morphology, and 
polycrystalline growth can be observed [1]. 
CVD is preferable, especially in larger surface area production. Using this 
technique, films of high purity, stoichiometry, and structural perfection can be attained. 
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However, the roughness of the CVD film is strongly influenced by the nature of the 
chemical reaction and the activation mechanism [2].  
Low pressure CVD (LPCVD) has the following advantages: improved film 
thickness and composition uniformity; controlled deposition rate; fewer defects; and 
improved step coverage suitable for large-scale production. Its main disadvantages 
include lower deposition rates and increased cost and maintenance [3].  
Our PE-MOCVD is a combination of LPCVD and MOCVD methods. Compared 
with conventional CVD, this technique offers the following advantages: elimination of 
undesired secondary reactions, improvement in film uniformity due to operation at 
higher gas velocity in the diffusion controlled growth regime, the possibility of film 
growth on large areas of semiconductor substrates, and improved conformal coverage 
[3].  
Figure 3.1 shows the schematic of vaporized sources reacting on a substrate to 
deposit film in the homemade PE-MOCVD. In the source zone, the precursors were 
heated and started to be vaporized by a tungsten halogen lamp. A proportional integral 
differential controller was used to maintain the substrate temperature. The heating 
material is a Ta filament, which has a resistance that increases with temperature (13.85 
µΩ cm at 300 K, 62.4 µΩ cm at 1500 K). Preheating, provided by lower voltage 
heating power, was needed at first, and then the power was switched to normal 
working voltage (220 V). 
Firstly, a batch of films was grown on the amorphous quartz and the SiO2/Si wafer 
substrates, which were labeled as sample D1 and sample D2, respectively. Subsquently, 
five consecutive batches of samples were grown on the z-cut single-crystal quartz, 
which were labeled as batch E, F, G, H, and I respectively. The details of the control 
parameters are described in the next two chapters. 
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FIG. 3.1.  Schematic of the homemade PE-MOCVD.  
 
 
3.2 Analytical Techniques in Thin Film Study 
 
3.2.1 X-ray Diffraction (XRD)     
 
A monochromatic X-ray impinging on a crystalline structure will be diffracted and X-
ray beams in phase (constructive interference) follow the Bragg’s equation, 
2d sin θ = nλ     (3.1) 
where λ is the wavelength of X-rays, θ is the angle of diffraction (Bragg angle), d is 
the spacing between adjacent crystal planes, and n is an integer that represents the 
order of diffraction. 
In the Philips X'pert-MPD PW3040 facility, X-ray diffraction was generated by 
directing an X-ray (monochromatic Cu-Kα radiation with wavelength of 1.54056 Å 
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excited at 45 kV and 40 mA) on a small flat surface of the Cu-Al-O film. In thin film 
analysis, it is important to reduce background noise generated from the substrate as 
much as possible. This was achieved by reducing the angle of incidence to a small 
value (θ = 0.5 to 3°), resulting in substantive radiation from the X-ray tube being 
absorbed and diffracted by the thin film. The main differences of this device compared 
with a symmetrical (θ/2θ, Gonio) diffractometer are as below:  
(a) a fixed angle of incidence (ω) was used with a narrow slit (such as 1/8 and 1/16 
degree slit);  
(b) a collimator, instead of a receiving slit, was used because the diffracted beam 
was almost parallel and not focused, as in a normal diffractometer; 
(c) a 2θ scan rather than θ/2θ scan was implemented to determine the position and 










FIG. 3.2.  Schematic of thin film scan by X-ray diffraction. 
 
Figure 3.2 is the schematic explaining the principles of thin film scanning, where 
θ1 is the scattering angle. The incident angle was fixed at ω = 2○, with a narrow 
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divergence slit of 1/8 degree for the sample analysis. The samples were scanned from a 
diffraction angle 2θ of 10○ to 70○ at a scanning step size of 0.02○ and “time per step” 
of 2 seconds. 
 
3.2.2 X-ray Photoelectron Spectroscopy (XPS) [4]   
 
XPS is also known as electron spectroscopy for chemical analysis (ESCA). It is 
particularly useful for the analysis of organics, polymers and oxides. It can identify 
chemical compounds on sample surfaces, using energy shifts due to changes in the 
chemical structure of the sample atoms. The measured energy of the electrons ejected 
at the spectrometer (Esp) is related to the binding energy (Eb), referenced to the Fermi 
energy (EF), by the following equation: 
Eb = hυ-Esp -qφsp     (3.2) 
where hυ is the energy of primary X-rays, q is the electronic charge, φsp is the work 
function of spectrometer (3 to 4 eV), and Eb depends on the atomic composition and 
chemical environment (i.e. bonding). 
Monochromatic X-rays (XPS model: VG ESCALAB MKII of Mg 
Kα monochromatized source of 1253.6 eV) impinged on Cu-Al-O films and caused the 
ejection of photoelectrons from the surface. The electron binding energies, as 
measured by a high-resolution electron spectrometer, were used to identify the 
elements present, and in many cases, provided information about the valence state(s) 
or chemical bonding environment(s) of the detected elements. The depth analysis, 
typically the few outer nanometers of the layer, was determined by the escape depth of 
the photoelectrons and the angle of the film plane relative to the spectrometer. In this 
study, XPS was employed to determine the surface composition of the CVD-grown 
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Cu-Al-O films.  
The advantages of the technique include: (1) determination of valence states and 
bonding environment of atoms near the surface; (2) convenient and quick elemental 
analysis of surfaces; (3) characterization of very thin surface layered structure; (4) 
depth profiling on both conducting and insulating materials; and (5) less destructive X-
rays. 
 
3.2.3 Atomic Force Microscopy (AFM)   
 
The AFM employs a small tip to scan across the surface of the Cu-Al-O thin film in 
order to construct a three-dimensional image of the surface. The AFM used in our 
topography analysis is the tapping mode Digital Instrument Multimode AFM. Fine 
control of the scan is accomplished using piezoelectrically-induced motions. The tip 
gently taps the surface while oscillating at a high frequency. Image processing software 
allowed easy extraction of useful surface information.  
The advantages of this technique include: (1) high lateral and vertical resolution; 
(2) ambient conditions; (3) little or no sample preparation; and (4) digitally acquired 
and manipulated surface images.  
 
3.2.4 Energy Dispersive X-ray Spectrometry (EDX)    
 
Surface topographies of conducting thin films can be examined by a scanning electron 
microscope (SEM, Philips XL30-FEG). An EDX equipped with SEM permitted the 
detection and identification of the X-rays produced by the impact of the electron beam 
with the Cu-Al-O film, thereby allowing qualitative and quantitative elemental analysis. 
The electron beam of an SEM is used to excite the atoms on a solid surface. We used 
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EDX to determine the atomic ratio of Cu:Al of the Cu-Al-O thin film.  
The advantages of EDX are: (1) little sample preparation; and (2) rapid qualitative 
analysis of particles and small areas. 
 
3.2.5 Seebeck Technique 
 
The Seebeck technique was applied to determine the conductivity type of a 
semiconductor sample. The Seebeck coefficient was calculated from the variation of 
electromotive force with temperature gradient. Cold end of film was immersed into 
nitrogrn, while hot end of film was sustained by using resistive heating. The voltage 
difference of both ends was recorded by using voltimeter. Experiments on the Seebeck 
coefficient of thin films, defined as S = -∆V/∆T, are difficult to perform due to the 
necessity of simultaneously determining two factors. The relative uncertainties of the 
Seebeck coefficient and thermal conductivity are about 15%. The uncertainty mainly 
comes from the measurement of temperature rise [5].  
 
3.2.6 UV-visible Spectroscopy 
 
The UV-visible spectrometer (Shimazu UV1601) was used to detect the basic optical 
absorption property, which includes absorbance and transmittance ranged from 200 to 
1100 nm. The commonly used visible range is from 400 to 700 nm. A light beam from 
a visible and/or UV light source is separated into its component wavelengths by a 
prism or diffraction grating. The monochromatic (single wavelength) beam in turn is 
split into two equal intensity beams and then one passes through a reference, while 
another passes through a sample. The intensities of these light beams are measured by 
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The Influence of Cu:Al Ratios on the 
Properties of P-type Cu-Al-O Thin Films 
Grown on z-cut Single-crystal Quartz  
 
 
4.1 Introduction  
 
As promising p-type TCO candidates, CuAlO2 and a non-stoichiometric form of Cu-
Al-O ternary system are drawing a lot of attention. So far, a few methods have been 
used to grow CuAlO2/Cu-Al-O films, including pulsed laser deposition, sputtering, wet 
chemical method, and CVD. Among them, CVD shows the most promising feasibility 
for industrial mass production. The PE-MOCVD used in our study features a low 
thermal budget, low pressure, and high deposition rate, because energy enhancement 
(plasma) activates a film-forming surface reaction while keeping the substrate 
temperature low and minimizing interfacial interdiffusion [1].  
Of all possible compounds existing in Cu-Al-O ternary system, both Cu2O and 
CuAlO2 can exhibit p-type conductivity. Additionally, CuAlO2 is transparent while 
Cu2O is strongly colored. The inherent relationship between these two oxides is 
considered to provide the useful clue to reveal physical properties of the films, for 
example, the conduction mechanism and the effect of the proportion of each element 
on the optical property. However, systematic study of the effect of Cu:Al ratio is still 
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lacking. In this study, a series of experiments was designed to examine the dependence 
of structural, electrical and optical properties on the Cu:Al ratio. 
Different techniques, such as XRD, XPS, AFM, EDX, UV-visible spectroscopy, 
and the Seebeck technique were employed to study the structural, electrical, optical 
and other properties of the thin films. Models and mechanisms of carrier transportation 
are proposed and discussed. 
 
 
4.2 Experiment  
 
A homemade 13.56 MHz RF PE-MOCVD apparatus was used to deposit Cu-Al-O 
films. Five different atomic ratios of mixed metal-organic precursors Cu(dpm)2 and 
Al(dpm)3 (dpm = dipivaloylmethane) were prepared. To achieve p-type CuAlO2 and 
Cu2O, the atomic ratios of Cu:Al were designed to bigger than 1. The (100) plane 
single-crystal quartz plates with dimensions of 10 mm × 10 mm × 1 mm were 
employed as substrates. The substrates were cleaned ultrasonically by analytical grade 
ethanol and acetone alternately and then blown dry by nitrogen. Next, the substrates 
were introduced into the reactor. Using a turbo-pump coupled with a mechanical pump, 
the reactor base pressure of around 3-6 × 10–6 torr (1 torr ≈ 133 Pa) was obtained. Prior 
to deposition, it had been pre-heated at 120°C for 1 hour to thermally clean and degas 
the substrates. During the process of deposition, the substrate temperature was 
maintained at 450°C. The precursors were carried by Ar into the reaction chamber. The 
reactive gas O2 was introduced from another inlet and mixed with the carrier gas 
containing the precursor. Mass flow controllers were used to maintain the flow of both 
the carrier and reactive gases.  
Five batches of samples with different Cu:Al ratios were grown. The atomic ratios 
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of dpm-based Cu to dpm-based Al in the mixed precursors were 1:1, 1.5:1, 2:1, 3:1, 
and 6:1, intentionally (nominal ratio). Table 4.1 shows the growth parameters of the 
five batches. Some parameters invariable in these five batches of film growths are: O2 
flow rate of 35 sccm, Ar flow rate of 35 sccm, RF discharge power of 150 W, and 
working pressure of 7.5 × 10–2 torr. Nominal ratio refers to the atomic ratio of Cu and 
Al in the mixed precursors before their depositions. Growth rate was calculated as the 
thickness divided by growth time. 
 
Table 4.1.  Major growth parameters of MOCVD grown Cu-Al-O films (batch E-I). 
 
 Batch G Batch F Batch H Batch E Batch I 
Nominal Cu:Al ratio 1:1 1.5:1 2:1 3:1 6:1 
Base pressure 3-6 × 10-6 torr 
O2 flow rate 35 sccm* 
Ar flow rate 35 sccm 
Working pressure 7.5 × 10–2 torr 
Preheating T 120 °C 
Substrate surf T 450 °C 
RF discharge power 150 W 
RF frequency 13.6 MHz 
Growth rate 3.5-5 nm/min. 
 
*1 sccm = 1 standard cm3 min-1  
             = 1 cm3 min-1 × 6 × 1023 molecules mol-1 / (22400 cm3 mol-1)  
             = 2.68 × 1019 molecules min-1 
 
Sources for general CVD could be gases, volatile liquids, subliminal solids, and 
their combinations. Materials should be stable at room temperature, sufficiently 
volatile, have partial pressure high enough to get good growth rates, and keep a 
reaction temperature less than the melting point of the substrate. Sources with these 
characteristics will produce the desired element on the substrates and will yield easily 
removable by-products.  
Most of the elements, with the exception of the alkali metals and alkali earths (of 
group IA and IIA), can be converted to gases or chemical vapors by reacting them with 
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terminating radicals. The resulting molecules do not chemically bond to each other and 
thus have high equilibrium vapor pressure PV [1].  
Metal-organic precursors are thermally stable, volatile, and have low-melting 
point [2]. Figure 4.1 shows the general formula of the ß-diketones precursor used in 
our PE-MOCVD, 
 
FIG. 4.1.  General formula of the ß-diketones precursor.  
 
where X is Cu or Al; n is 2 when X is Cu, and n is 3 when X is Al; R1, R2, R3, R4, R5 
and R6 are hydrogen or CH3. Preferred ligands include dipivaloylmethanate whose 
molecular formula is C(CH3)3COCH2COC(CH3)3. One of C=O bonds in a ligand will 
stretch out and connect to a metal ion X, forming C-O-X. The dpm-based metal-
organic precursors used in our study normally vaporize at temperatures no higher than 
300ºC, with vapor pressures between 0.01-1 torr [3].  
After deposition, a series of measurements determining compositions and 
structures and characterizing electrical and optical properties were deployed in 
sequence from minimal damage to significant damage. Table 4.2 gives priorities for 
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Table 4.2.  The sequence of measurement methods employed (from top to bottom, and 
then left to right). 
 
No destruction, no contact, 
no preparation 
Little damage Significant damage 
thickness AFM XPS  
XRD SEM  the Seebeck technique 
UV & band gap EDX  
 van der Pauw method   
 
The thickness was measured at several points by the Filmetrics F20 table-top film 
thickness system. The topography and film roughness were examined using tapping 
mode atomic force microscopy (Digital Instrument Multimode AFM). Van der Pauw 
method was used to measure resistivity. An X-ray diffraction (XRD) apparatus (Philips 
X'pert-MPD) was employed to reveal the phases and structure of the sample. The 
parameters of XRD scans were as below: scan axis mode = 2θ mode; fixed incident 
angle ω = 2°; step size = 0.2°/s; time per step = 2 s; divergent slit = 1/8 degree; 
continuous mode. X-ray Photoelectron Spectroscopy (XPS, VG ESCALAB MKII) was 
employed to detect the chemical valent states of elements. The type of conductivity 
was determined by the Seebeck technique. The chemical compositions in the film and 
their proportions were estimated by energy-dispersive X-ray spectroscopy (EDX, 
equipped with SEM, Philips XL30-FEG), with electron voltage ranged from 15 to 20 
kV (empirically, the applied electron energy is more than double the maximum K, L, 
or M level to excite the emission of photons of CuL, CuK and AlK energies.), and 
working distance of 10 mm. The transmittance and absorbance of the films were 






4.3 Results and Discussion  
 
4.3.1 Conductivity Dependence on the Cu:Al ratio  
 
At very first, the dpm-based precursors decomposed and reacted with oxygen when 
substrates were heated up. The basic MOCVD chemistry for the reaction of precursors 
at the beginning phase is as follows [3]:  
Cu(dpm)2Æ Cu+2(dpm)    (4.1) 
Al(dpm)3Æ Al+3(dpm)    (4.2) 
4Cu+O2Æ 2Cu2O     (4.3) 
2Cu+O2Æ 2CuO     (4.4) 
4Al+3O2Æ 2Al2O3     (4.5) 
In the subsequent CVD reaction, the following reaction is preferred: 
Cu2O+Al2O3Æ 2CuAlO2    (4.6) 
However, there are other rival reactions that will be discussed later in this chapter.  
The time to deposite thin film is around 2 hours for each deposition, and the film 
growth rate is about 3-4 nm/min. The longer the growth time, the slower the growth 
rate, so it has sufficient time for diffusion to be carried out. Additionally, slow growth 
rate gives rise to low supersaturation. All these are good for grains to grow with planar 
surfaces.  
Measured with the Seebeck technique, conductive samples E, F and H showed p-
type conductivities. Due to very low conductivity, the conductive type of the other two 
batches of samples, G and I, cannot be obtained.  
Cu:Al atomic ratios of as-grown films were estimated with the EDX attached to 
SEM. Cu:Al atomic ratios before and after deposition and the conductivities of 
samples are listed in Table 4.3. The nominal ratios are different from the ratios 
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measured by EDX. The difference between nominal ratio and actual EDX ratio may be 
explained by the different evaporation rates between Cu and Al. Additionally, the 
investigation of Ohgaki et al. [4] indicated that the ratio of the metal elements and the 
oxygen supply is not the main reason for the nonstoichiometry. The formation of 
nonequilibrium defects is thought to depend mostly on the surface reactivity or the 
structural relaxation in the films. 
It can be observed from Table 4.3 that the nominal ratio of Cu:Al of 1.5:1 appears 
to be the optimal ratio for the highest conductivity in all five samples. When the 
nominal ratio of Cu:Al varies from 6:1 to 1.5:1, the film conductivity increases 
approximately 20 times from 0.014 S cm-1 to 0.289 S cm-1. The maximum value is 
close to that of CuAlO2/Cu-Al-O films reported in other works [5,6]. On the other 
hand, when the nominal ratio of Cu:Al is equal to 1:1, the sample becomes insulating.  
 
Table 4.3.  Conductivities of as-grown Cu-Al-O thin films with different Cu:Al ratios. 
 
 Batch I Batch E Batch H Batch F Batch G 
Nominal Cu:Al ratio 6:1 3:1 2:1 1.5:1 1:1 
EDX Cu:Al ratio  4.3 ± 0.2 3.4 ± 0.5 1.8 ± 0.3 1.4 ± 0.3 1.0 ± 0.2 
Conductivity (S cm-1) 0.014 0.036 0.093 0.289 too low to be measurable 
 
The conductivity of a transparent semiconductor increases with mobility. Mobility 
decreases with free-carrier concentration because of various possible scattering 
mechanisms. Moreover, the relatively low carrier mobility of above Cu-Al-O films 
might be due to grain boundary scattering caused by an incoherent grain boundary that 
originated in the lattice mismatch between the film and the z-cut quartz substrate. In 
fact, films with high carrier mobility can be grown on substrates with a relatively small 
lattice mismatch. The changes of crystalline size of each constituent in the films, 
corresponding to the decrease in incoherent grain boundaries, are vital for improving 
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the carrier mobility in thin films [7]. Besides, the band-to-band transitions of these 
materials are affected by the concentration of free-carriers. Thus, the band gap can be 
increased by an amount that depends on the curvature of the conduction and valence 
bands, which is equivalent to the density-of-states effective masses. Above all, high 
carrier mobility is the key to improve the performance of transparent semiconductors 
because it is the only means of decreasing resisitivity without compromising their 
optical properties [8].  
The trend of conductivities in this study may be caused by the proportion of each 
compound in the film. Furthermore, the spatial arrangement of Cu-Cu contacts, 
especially the existence of weak homoatomic d10-d10 interactions in the compounds, 
may be another reason for their markedly different electrical property [9]. To address 
this problem, it is necessary to investigate compositions of the thin films. 
 
4.3.2 Composition Characterization 
 
4.3.2.1 XPS Results of Sample E 
 
CuAlO2, CuAl2O4, Cu2O, CuO and Al2O3 may coexist in the films. However, only 
CuAlO2 and Cu2O are favorable for wide gap p-type conductivity. The XPS technique 
facilitates to distinguish the valences and chemical environments of existing elements 
in Cu-Al-O thin films. Herein sample E was measured using XPS, combined with the 
XRD technique, to analyze the compositions of samples. Cu 2p3/2 and Cu 2p1/2 core 
level peaks and Cu LMM Auger peaks were measured to determine copper valences in 
the film. Here only Cu 2p3/2 was discussed, because Cu 2p3/2 and Cu 2p1/2 play similar 
roles in determining the Cu valence. In addition, Al 2p was also measured to assist in 
analysing the valence of Al in the films.  
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Prior to measurement, surface of sample E was sputtered for five minutes for 
surface removal. This action is intended to eliminate contamination on top of the ultra-
thin layer of the film. Table 4.4 lists the binding energies of the elements in sample E. 
Figures 4.2(a)-(f) show the XPS spectra after calibration. Due to several factors, 
like the insulating quartz substrate, poor conductivity of selected film, and the machine 
error, the positions of characteristic peaks were not coincident with those in the 
handbook. Used for calibration, the criteria position of C 1s is at 284 eV from the 
handbook of XPS [10]. C 1s peak of impurity carbon of the film was scanned at 291.15 
eV, seen in Figure 4.2(b), revealing that all the peaks measured have positive offset of 
around 7.15 eV.  
From the handbook, it can be seen that the 2p3/2 peaks of Cu0 and Cu+ (in Cu2O) 
are around 932.7 eV and the 2p3/2 peak of Cu2+ (in CuO) is at 933.8 eV. Cu 2p3/2 peaks 
of Cu0 and Cu+ (in Cu2O) are so close that it is difficult to distinguish them. Presently, 
it is not known whether the peak at 939.0 eV (i.e., 931.8 eV after calibration) 
contributes to Cu0 or Cu+ (in Cu2O). So, Auger line was used for complementary 
measurement of the valence of copper element in the films. Referring to the handbook, 
the position of Cu LMM Auger peak is related to a different valence, 335 eV for Cu0, 
335.5 eV for Cu2+ (in CuO) and 336.4~337.4 eV for Cu+ (in Cu2O). Corresponding to 
the Cu LMM Auger line and Cu 2p core level line, seen in Figure 4.2(c) and Figure 







Table 4.4.  Binding energies Eb (in eV) of sample E.  
 
 C 1s Cu 2p3/2 Cu LMM Al 2p 
932.7  
(Cu0, Cu+ in Cu2O)
335 (Cu0) 
335.5  
(Cu2+ in CuO ) 
Eb from  
handbook [10] 284 933.8 
(Cu2+ in CuO) 336.4~337.4 
(Cu+ in Cu2O) 
73.7-74.4 
(Al3+) 
Measured Eb 291.2 939.0 343.8 81.6 
Eb after calibration 284.0 931.8 336.6 74.4 
 
In Figure 4.2(d), the 2p3/2 core level lines of Cu+ (in Cu2O) and Cu2+ (in CuO) are 
superimposed, but “shake-up” peak of Cu2+ 2p3/2 core level at around 943 eV was quite 
weak. Since it is the indicator of Cu2+, this may reveal that there are smaller amounts 
of Cu2+ than Cu+. CuAlO2 and Cu2O may make up a major proportion of the Cu-Al-O 
films, while CuAl2O4 and CuO may also exist but only in small amounts.  
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(a) Wide scan before offset.  
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(b) C 1s line after offset. 











(c) Cu LMM line after offset.  
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(d) Cu 2p line after offset. 
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(e) The fitting curves of Cu 2p3/2 line after offset. 
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(f) The fitting curves of Al 2p and Cu 3p lines after offset. 
 
FIG. 4.2.  XPS spectra of sample E: (a) wide scan before offset, (b) C 1s line after 
offset, (c) Cu LMM line after offset, (d) Cu 2p line after offset, (e) the fitting curves of 
Cu 2p3/2 line after offset, and (f) the fitting curves of Al 2p and Cu 3p lines after offset.  
 
The measured Cu 2p3/2 peak of 931.8 eV was still about 1 eV below than 932.7 eV 
(the binding energy of the Cu+ in Cu2O). Since the Cu element in CuAlO2 and Cu2O 
must have close but different binding energies, the fitting of Cu 2p3/2 line was required. 
After fitting the Cu 2p3/2 line, seen in Figure 4.2(e), there is another peak for CuAlO2 
at 931.8 eV, which may be due to the weaker binding environment of Cu+ in CuAlO2 
than in Cu2O.  
From Figure 4.2(f), it is observed that there are Al 2p peak of Al3+ (around 74.1 eV) 
and Cu 3p3/2 peak (around 75.2 eV) and Cu 3p1/2 (77.2 eV) peak of Cu+ in the films 
after fitting. (Element Al has nearly equal binding energies in Al2O3, CuAl2O4, and 
CuAlO2, around 73.7-74.4 eV.) It is expected that Al element could be in the forms of 
Al2O3, CuAlO2 and CuAl2O4. 
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4.3.2.2 Composition Analysis and XRD Results  
 
The synthesis of MOCVD films is quite a complex process in that many factors 
influence the process of thin film deposition. At relatively low temperatures, the 
surface reaction kinetic dominates the growth rate because it is slower than the mass 
transport mechanism; at higher temperatures, the growth rate is independent of 
temperature, indicating that the growth process is controlled by the mass transport 
mechanism [11]. The aim of introduction of the plasma system was to conduct the 
reations in the diffusion controlled regime. Moreover, the control parameters—flow 
rate of carrier gas and oxidation gas, precursor vaporization temperature, base pressure, 
substrate temperature, working pressure, plasma discharge, plasma frequency, and 
deposition rate—are very influential.  
The CuO/Cu2O-Al2O3 phase diagram by Misra et al. [12] describes the 
compounds existing at equilibrium state. In the case of Cu:Al larger or equal to 1:1 in 
the equilibrium state, more Cu can result in a major combination of “Cu2O+CuAlO2” 
preferable at a higher temperature, or “CuO+Cu(AlO2)2” at a relatively low 
temperature, while Al2O3 appears less frequently in the equilibrium system [1,12,13]. 
Gong et al. [14] reported that the most probable compounds of the CVD prepared Cu-
Al-O films (Cu:Al = 1:1) were CuAlO2 and Cu2O by TEM observation. Ohashi et al. 
[13] reported the compounds system in the case of Al:Cu larger or equal to 1 by wet 
chemical synthesis: Cu2O, CuAl2O4, and CuO were formed after heat-treatment at 
700°C, while CuAlO2 was formed at temperatures higher than 800°C. Thus, based on 
these previous deductions and our XPS results (monovalent Cu was dominant), we 
found that our plasma-enhanced system was more desirable for the combination of 
“Cu2O+CuAlO2” phases. This may be because plasma considerably reduced the 
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activation energy of chemical reactions, so the CuAlO2 and Cu2O appeared at 
relatively low temperature. However, the resultant constituents could actually be quite 
complicated since not all the “CuO+Cu(AlO2)2” were converted to “Cu2O+CuAlO2” 
under this condition [1,12,15]. 
On the other hand, previous studies have investigated the calcination of CuAlO2 
film, which showed that CuO and Cu2O are formed by the reaction and bonding of 
copper and oxygen. When annealed in air at 350°C, the “CuO+Cu2O” film was 
completely converted to CuO. At a higher temperature, CuO could revert to Cu2O [16]. 
CuAlO2 is formed by a reaction between Cu2O and Al2O3. The above observations 
suggest the following possible reactions:  
 
2Cu+O2Æ 2CuO     (4.7) 
4CuOÆ 2Cu2O+O2     (4.8) 
Cu2O+Al2O3Æ 2CuAlO2    (4.9) 
In the CuO–Al2O3 reaction, cubic phase CuAl2O4 is very difficult to synthesize but 
easy to decompose under ambient Ar, following the equation below:  
CuO+Al2O3Æ CuAl2O4    (4.10) 
4CuAl2O4Æ 4CuAlO2+2Al2O3+O2   (4.11) 
CuAlO2 is more thermodynamically stable. However, under certain growth 
conditions, only the signal of CuAl2O4 is strong enough to be distinguished by XRD 
under high temperatures. A kinetic complexity is implied and attributed to an extreme 
condition generated by PE-MOCVD under typical conditions. Sato et al. [7] showed 
that different constituents dominate the variation of Cu:Al ratio from 1:1 to 1:10. The 
film of Cu:Al = 1:1 consisted essentially of CuAlO2, which was consistent with 
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Gong’s work. Otherwise, samples at the Cu:Al ratios of 1:3 and 1:10 consisted of a 













FIG. 4.3.  2θ mode XRD patterns of samples I, E, H, F, G, and the z-cut substrate (λ = 
1.54056 Å). * depicts the peaks from the z-cut substrate.  
 
Figure 4.3 shows the XRD patterns of five batches of samples. As expected from 
previous evidences, several XRD peaks were detected for all five samples: CuAlO2 
{(101), (015), 77-2493}, Cu2O {(111), 74-1230}, CuAl2O4 {(422), 33-0448}, Al2O3 
{(151), (044), 88-0107}, and the z-cut substrate peaks appear. It is also obvious that 
the crystalline CuAlO2 peaks are much more obvious than those of CuAl2O4, Al2O3, 
and Cu2O [17].  
Besides, the hump-like Cu2O (111) peak in these five samples indicates 
amorphous or nanocrystal Cu2O. The noticeable peak in the I sample indicates that 
there is more amorphous or nanocrystal Cu2O in films due to excess Cu; the weak 
                                        
                                        
                                        
                                        
                                        
                                        





















































Cu2O (111) peak in G indicates that there is little Cu2O in the case of nominal ratio 
Cu:Al = 1:1. In short, the amount of Cu2O in the films should have a proportional 
relation to the original ratio of Cu: Al in the mixed precursors. 
 
4.3.3 Surface Topography  
 
The topography of a surface is known to substantially affect many properties of the 
material, for example, the ability to adhere to another material, optical properties, and 
tribology.  
When atoms come to the substrate, the difference of the lattice parameters leads to 
mismatches between substrate and deposited compounds, inducing substantial strains. 
A release of the excess internal energy provides the drive force to induce roughness. 
The molecular rearrangement required for crystallization, coupled with the relatively 
rigid nature of the crystals, gives rise to the resulting topography. Additionally, the 
surface topography is influenced by existing multiple phases.  
In this study, the AFM topography images illustrate the surface topographies and 
textures and provide useful information about the grain growth condition of the films. 
However, AFM does not differentiate between phases or provide information about 
surface structure. More definitive analysis concerning phases may be made by careful 
microscopic observation, using phenomena (such as the backscattered electrons and 
the difference in fracture behaviour in SEM) other than AFM topographies.  
Perhaps the most frequently used parameter is the root mean square roughness 






















1 , zi is the height at point (x,y), i is the number of measurement, 
N is the number of data points. Among all the roughness parameters, RMS is the least 
affected by tip-induced distortion. However, RMS does not consider the distance 
between the features on the surface. For instance, a surface with a few high-amplitude 
features may have the same RMS as one with many low-lying features [18].  
Films develop from nucleation islands to continuous films. Thus, large grains can 
be formed by the coalescence phenomena between grains. Once coalescence of the 
surface nuclei to form a continuous film and the nucleation of film deposition are 
complete, bulk structure is developed. Observing every stage of the film growth 
process with AFM, topography appears initially as a smooth surface with separate 
particles, then as a rough surface with uniform large grains. The formation and 
variation of the protrusions are most likely explained by transition from the amorphous 
to the crystalline state, as well as by dislocations formed in the grains.  
In our work, the well-ordered lattice of single-crystal quartz helped the grains 
reach the substrate and grow preferentially in certain orientations.  
Figures 4.4-4.8 demonstrate the AFM 3-D topographies of five batches of as-
grown films. As shown in Figure 4.4, sample I (Cu:Al = 4.31 ± 0.18) has continuous 
film and regular hill-like particles, with RMS = 3.8 nm.  
As shown in Figure 4.5, sample E (Cu:Al = 3.46 ± 0.50) has continuous film and 
regular hill-like particles, with RMS = 3.3 nm.  
As shown in Figure 4.6, sample H (Cu:Al = 1.82 ± 0.33) has continuous film and 
different shaped particles, with RMS = 1.9 nm. Particles could be divided into big sizes 
and small sizes, indicating simultaneous 3-D growth along thickness direction and 
lateral 2-D growth. 
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As shown in Figure 4.7, sample F (Cu:Al = 1.37 ± 0.29) has continuous film and 
different shaped particles, with RMS = 4.1 nm. Particles could be divided into big sizes 
and small sizes approximately, indicating simultaneous 3-D and 2-D growths.  
As shown in Figure 4.8, sample G (Cu:Al = 1.05 ± 0.19) is a continuous film, with 
RMS = 1.8 nm. Most of the particles are small sizes; few of others are bigger sizes. It 
shows the smoothest surface among these five films with different Cu:Al ratios. 
As Ohgaki et al. [4] reported, the Zn:O ratio was found to determine the grain 
growth rate along thickness direction as well as lateral grain size of ZnO films. In our 
ternary system, Cu:Al:O ratio may have influenced the growth rate and grain diameters 


































The surface diffusion and condensation are two competitive processes during 
topography forming. The effect of surface diffusion is to lower the difference in 
surface height, while condensation elevates the surface height. Quantitatively, the 
surface diffusion is driven by the gradient of surface chemical potential.  
ƒ = ƒ0 + j(ω-kγ)     (4.13) 
where ƒ0 is the chemical potential of the bulk material, which is the chemical potential 
for reference; j is the atomic volume of the diffusive atom; ω is the strain energy 
density; k is the mean curvature; and γ is the film surface energy. With reference to our 
work, the relatively weak surface diffusion effect for sample G compared with the 
other four samples prevented grain growth and coalescence, especially in a lateral 
direction [19].  
The growth rate and time are two important parameters affecting the topography. 
The grain heights for these samples were very close due to similar growth rate along 
thickness direction. At the same time, samples F (Cu:Al = 1.37 ± 0.29) and H (Cu:Al = 
1.82 ± 0.33) had two different grain sizes, indicating that the lateral growth rate 
increases in these cases. From the conductivity results, sample F was the most 
conductive sample, followed by sample H. It seems that the bigger particles on sample 
F may be the indicator of developed crystallization. Samples I (Cu:Al = 4.31 ± 0.18) 
and E (Cu:Al = 3.46 ± 0.50) had nearly uniform hill-like particle size, indicating 
dominant growth rate along thickness direction. Samples G (Cu:Al = 1.05 ± 0.19) had 
very smooth surface with small particles. Thus, its insulating property may be caused 
by poorly-developed crystalline states of grains. The potential relationship between the 
electrical conductivity and the grain growth condition resulting from the ratios of Cu 
and Al needs further studied.   
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4.3.4 Optical Characterization 
 
Table 4.5 lists the thicknesses of five batches of thin films respectively. Since the 
thicknesses differed for these five films, the values of transmittance should be 
compared after normalization. Applying the well-known exponential decay equation:  
I = I0 exp (-κx)               (4.14)  
where I is the intensity of the transmitted beam after being reflected at the front surface, 
I0 is the intensity of the incident beam, κ is linear absorption coefficient, and x is the 
thickness of absorber. The transmittance T in UV-visible measurements is defined as  
T = I/I0 = exp (-κx)     (4.15) 
Table 4.5.  The thickness of five batches of thin films 
 
Batch I E H F G 
Thickness 400 nm 434 nm 420 nm 535 nm 560 nm 
 
Figure 4.9 shows the optical transmittance, normalized at film thickness of 500 nm, 
as a function of wavelength for the five batches of samples. In the visible light range 
between 400 and 700 nm, the following was observed: sample I (EDX ratio of Cu:Al = 
4.31 ± 0.18) had the lowest transmittance in this range, while sample G (EDX ratio of 
Cu:Al = 1.05±0.19) was the most transparent. Samples G and F showed quite high 
transmittance between 59% and 88% in the visible range. The transmittance of the 
most conductive sample F was as high as 80% in the visible range. The transmittance 
of the other three samples in the visible range was between 23% and 73%.  
The transmittance of samples decreased with the proportion of Cu. This 
phenomenon may be due to Cu-related scattering centers and the darker or more 
opaque Cu-based compounds. For example, Cu2O is strongly colored with a direct 
band gap of 2.17 eV [9]. The 3-D net of short Cu-Cu distances present in Cu2O is 
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essential for the appearance of color in this p-type semiconductor. It has been assumed 
that a small band gap was due to three-dimensional interactions between neighboring 
Cu 3d10 electrons. 3-D arrangements of Cu-Cu contacts should be avoided if one wants 
to obtain a good p-type transparent conductor based on Cu(I)-O compounds. Therefore, 
selection of low dimensional crystal structure might suppress the interactions. 
Compared with Cu2O, the 2-D nature of the array of Cu-Cu contacts in the doped 
CuAlO2 leads to a higher optical transparency but a lower conductivity [5,9]. It is 
expected that a large quantity of CuAlO2 in sample G made it the most transparent 
sample.  
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FIG. 4.9. A comparison of transmittances of five batches of Cu-Al-O films. 
 
The TCO films have a transmission window of about 0.4 µm and 1.5 µm. In the 
case of wavelengths shorter than 0.4 µm, absorption occurs due to the fundamental 
band gap. On the other hand, light cannot be transmitted at longer wavelengths because 
reflection occurs at the plasma edge due to a classical phenomenon. At the plasma edge, 
the optical properties of the material depend on the plasma frequency for the 
conduction electrons. The plasma frequency is a frequency in a conductor at which a 
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collective oscillation of the electrons relative to the ion cores can take place. At 
frequencies higher than the plasma frequency, the electrons cannot respond, and the 
material behaves as a transparent dielectric. At frequencies below the plasma frequency, 
the transparent conductor reflects and absorbs incident radiation. For most TCO 
materials, the plasma frequency falls in the near-infrared range, and the visible light 
range is in the higher, transparent frequency range [20,21].  
A number of fundamental characteristics and the concentration of free electrons 
determine the wavelengths at which these transitions occur. Interference fringes and a 
mean reflectance of about 15% determine the visible range. Beyond the plasma 
wavelength, the films are characterized by a high reflectance, reaching approximately 
90%. As the carrier concentration increased, the height of the free-carrier absorption 
peak increased, and the width of the peak decreased.  
According to the Tauc Equation, the absorbance values (from UV-visible 
spectromscopy) of these samples were used to calculate the optical band gaps of films. 
In the plots of (αhν)2 vs. hν, interpolation to the x-axis is the direct band gap, where α 
is the absorption coefficient and hν is the photon energy. α = [absorbance × ln10]/t, 
where absorbance is the measured value from UV-visible spectrum, and t is the 
thickness of the thin film. Table 4.6 shows the direct band gaps of five batches of 
samples. Figure 4.10 displays the five direct band gaps derived. 
 
Table 4.6.  Measured direct gaps of five batches of films. 
 
Nominal ratios  Direct gap 1 Direct gap 2 Conductive status 
6:1 (I) 2.9 eV 4.6 eV the 4th conductive 
3:1 (E) 3.1 eV 4.7 eV the 3rd conductive 
2:1 (H) 3.3 eV 4.5 eV the 2nd conductive 
1.5:1 (F) 3.3 eV 4.7 eV the 1st conductive 
1:1 (G) 3.6 eV 4.5 eV insulator 
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The fact that all the direct values were no less than 2.9 eV indicates that all our 
films were truly wide band gap semiconductors. Notably, curves of all the samples had 
two points of inflection (direct gaps) whether the films are conductive or not. Small 
direct gap values ranged from 2.9 eV to 3.6 eV are quite close to previously reported 
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(b) Sample E 
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(c) Sample H 
 (d) Sample F 
 
(e) Sample G 
FIG. 4.10.  Direct optical gaps derived from absorbances of (a) sample I, (b) sample E, 
(c) sample H, (d) sample F, and (e) sample G. 
                                        
                                        
                                        
                                        
                                        
                                        











4 . 5  e V
(αh
ν)2










3 . 3  e V
h ν  ( e V )
                                        
                                        
                                        
                                        
                                        
                                        






4 . 7  e V3 . 3  e V
(αh
ν)2










h ν  ( e V )
                                        
                                        
                                        
                                        
                                        
                                        






4 . 5  e V3 . 6  e V
(αh
ν)2










h ν  ( e V )
  55
The small gap of film G was consistent with Wang and Gong’s work, which may 
indicate that a large quantity of CuAlO2 exists in sample G [5,14,19,22]. However, the 
conductivity of G was too low to be detected in our study, which may be due to the 
lower surface diffusion in our particular growth process. Moreover, even for the same 
composition, some materials in different crystallization states have different band gaps 
and electrical properties [23,24].  
Multi-inflection phenomenon of the absorption edge also appeared in p-type GaSb 
and InSb as noted by Seeger [25]. This interesting phenomenon may be due to the 
existence of acceptor impurities or lattice defects. The long tail of the fundamental 
absorption edge indicates that the electrons trapped in the deep level transfer into the 
conduction band by absorption of light quanta.  
 
4.3.5 Discussion of P-type Doping Mechanisms   
 
As indicated before, the AMO2 delafossite-type oxides are the most promising p-type 
TCOs. However, exact doping mechanisms have not yet been determined for CuMO2, 
including CuAlO2. The possible mechanisms are addressed in this section.  
Wide-gap semiconductors are difficult to dope, particularly p-type semiconductors. 
Researchers have tried to explore an effective doping mechanism without self-
compensation.  
According to the recently developed doping limit rule [26,27], the degree of self-
compensation in a material correlates directly to its respective band-edge positions. A 
compound with higher VBM (valence band maximum) is easier to be doped as p-type, 
while a compound with lower CBM (conduction band minimum) is easier to be doped 
as n-type. Because Cu has a much shallower 3d orbital than Zn, coupling between the 
Cu 3d and O 2p states will push up the VBM of CuMO2 with respect to n-type ZnO, 
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leading to better p-type conductivity. The calculated result shows that the VBM for 
CuGaO2 is 0.8 eV higher than ZnO. Furthermore, the antibonding p-d characteristic at 
the VBM makes it easier for Cu vacancy (VCu) to form in CuMO2, thus enhancing their 
p-type dupability [28]. Nie et al. [29] also have calculated the formation energies for a 
number of important defects in p-type CuGaO2 with the Fermi energy at the VBM. The 
Cu vacancy (VCu) is known to be a shallow acceptor. The O vacancy (VO) and Cu 
interstitial (Cui) can make acceptors self-compensate. In a Cu-rich condition, ∆Hf(VCu) 
is about 4.5 eV lower than ∆Hf(VZn) in ZnO in a Zn-rich condition [30], but ∆Hf(Cui+) 
is about 2 eV higher than ∆Hf(Zni2+). For O vacancy, the compact delafossite structure 
limits lattice relaxation, so VO does not ionize in CuMO2. At the O-rich condition, 
∆Hf(V00) is about 4 eV higher than ∆Hf(V00) in ZnO. A great reduction in self-
compensation plus lower acceptor formation energy explains why CuMO2 is p-type, 
supporting the doping limit rule. 
To date, only CuInO2, which has the larger band gap, can be extrinsically doped as 
both n and p types [31]. Non-doped CuInO2 is almost insulating. Substitution for In3+ 
with Ca2+ or Sn4+ was successfully carried out to introduce p-type and n-type, 
respectively. The valence band offsets for this common anion system are rather small. 
The slightly higher VBMs for CuGaO2 and CuInO2 are a result of the coupling 
between the group-III d orbitals and the O p orbital. Hence, p-type conductivity might 
be slightly easier to reach in CuGaO2 and CuInO2 than in CuAlO2. On the other hand, 
due to large volume deformations, the CBM of CuInO2 is 1.48 eV lower than CuAlO2. 
Thus, a low CBM combined with a large apparent gap explains the combination of 
good transparency with bipolar dopability in CuInO2. This also explains why n-type 
conductivity can be achieved in this nominally p-type material [29].  
Moerover, to better understand the conduction mechanism of our p-type Cu-Al-O 
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thin films, it would be necessary to compare electronic structures of CuAlO2 and Cu2O, 
the two Cu+-containing oxides that present weak homoatomic d10-d10 interactions. 
CuAlO2 and Cu2O contain both Cu+ ions forming linear O-Cu-O fragments and 
tetrahedrally coordinated O atoms; when properly doped, both behave as p-type 
conductors.  
Both Cu2O and CuAlO2 have crystal structures composed of O-Cu-O dumbbell 
units. The dumbbell units are connected three-dimensionally in Cu2O, while the 
dumbbells are parallel to the c-axis and are two-dimensional layers in CuAlO2. Four 
Cu ions coordinate to each O ion in Cu2O, whereas one Cu ion does in CuAlO2. 
Therefore, mixing and interaction between Cu 3d and O 2p orbitals in Cu2O is greater 
than that in CuAlO2, and the valence band top of Cu2O has a larger dispersion than 
does CuAlO2. The larger dispersion of the valence band top in Cu2O results in a larger 
mobility and narrower band gap (2.1 eV) in comparison with those of CuAlO2. As a 
consequence, CuAlO2 has an appropriate dispersion in the valence band that gives rise 
to an optical transparency. It should be noted that the Cu-Cu distance is shorter in 
CuAlO2 (2.86 Å) than in Cu2O (3.02 Å). Since Cu-Cu interaction also contributes to 
the dispersion of the valence band to some extent, Cu-Cu interaction will influence 
hole transport properties in these materials [5].  
Additionally, Kudo et al. [32] assumed that the probable cause of p-type 
conduction was oxygen excess. Porat and Riess [33] proposed that the origin of holes 
in Cu2-xO was copper vacancies and oxygen interstitials. The annealing process 
validated this argument. After annealing, some metal copper atoms were oxidized and 
diffused to the copper vacancies, leading to decreased copper vacancies in the film, 
resulting in the decrease of conductivity. 
Koumoto et al. [34] reported that p-type semiconduction must be generated from 
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the deviation from the stoichiometric composition, according to the defect equilibrium 
as below:  
•+++= hVVOgO AlCux 42)( ''''02    (4.16) 
where Oo, VCu, VAl, and h denote lattice O, Cu vacancy, Al vacancy, and hole, 
respectively, and the superscripts denote effective charge states: x -neutral, '-negative, 
and · -positive, respectively. 
Ingram et al. [35] investigated the bulk polycrystalline CuAlO2, and observed that 
the thermoelectric coefficient was positive (p-type) and virtually temperature 
independent. This indicates that an intrinsic point defect mechanism such as  
•+= hOgO i 42)( ''2      (4.17) 
is probably not a major mechanism. If it were, there would be a much larger 
temperature dependence of the thermopower. They suggested that either cation off-
stoichiometry (Cu:Al ≠ 1) or trap impurities (acceptors) might decide the carrier 
content.  
Non-stoichiometric compounds comprise various changeable-valence ions. Some 
compounds, such as ZrO2-x and TiO2-x, have anionic vacancies. If atoms or ions with 
different valencies are introduced into lattices of ionic crystals, they will generate extra 
point defects, and thus affecting the electrical conductivity. For instance, if one Li+ 
substitutes one Ni2+ among the NiO lattice, the replaced position will be negatively 
charged. To remain neutral, one Ni3+ should appear. As Ni is a transitional element 
with changeable valence, the Ni3+ ion, which acts as a hole, can be easily found in the 
lattice. An excess of oxygen in oxides can result in a metallic-ion vacancy. Similar to 
that of the anionic vacancy bringing out a negative charge, the cationic vacancy would 
generate a hole, making the material a p-type semiconductor [36]. 
On the other hand, insufficient oxygen in oxides results in a positive center, or an 
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oxygen vacancy. To retain neutrality, there may appear two negative charges (two 
electrons), which can be activated easily, and thus increasing the conductivity.  
Similar to Cu2O, since the nonstoichiometry of CuAlO2 exists in the films, the Cu 
vacancies and/or oxygen excesss are the most possible cause of the positive holes that 
result in p-type conductivity [5,13]. 
 
 
4.4 Conclusion   
 
Copper aluminum oxide (Cu-Al-O) thin films (400~560 nm) were grown with various 
Cu:Al ratios by the PE-MOCVD, so that the optimum growth conditions for highly 
conductive p-type Cu-Al-O thin film could be found. The structural, electrical, and 
optical properties of films, especially electrical conductivity and optical transmittance, 
were significantly affected by Cu:Al ratios. Films could be insulators or 
semiconductors when grown on single-crystal quartz substrates with nominal Cu:Al 
ratios ranged from 1:1 to 6:1. With a nominal ratio of Cu:Al = 1.5:1, the conductivity 
could run as high as 0.289 S cm-1, while the transmittance could be as high as 80%. A 
higher Cu concentration reduced the transmittance in visible range due to the existence 
of more colored Cu2O.  
Compositions and structural property were studied using XRD and XPS 
techniques. While crystallized CuAlO2 was detected, CuAl2O4, Cu2O, and Al2O3 were 
also found to exist in crystalline states in all the Cu-Al-O thin films. 
Based on our observation, the grain growth conditions were affected by the Cu:Al 
ratios. All the films grown were dense, and showed good adhesivity.  
P-type conductivity was proven using the Seebeck effect for the more conductive 
samples H, E, and F. Since we introduced more oxygen to the reaction compared with 
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previous work, the p-type conduction is possibly due to the Cu vacancies and/or 
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The Substrate Effect on Cu-Al-O 
Transparent Thin Films 
 
 
5.1 Introduction  
 
Until recently, researchers were mainly concerned about the growth conditions and 
characterization of transparent semiconductor films. To our knowledge, the effect of 
crystalline states of substrates on the properties of Cu-Al-O thin films has been less 
investigated. 
Due to its unique importance and broad usage in the microelectronic industry, 
SiO2 was applied as substrates in this study. Cu-Al-O films with the same Cu:Al ratio 
were prepared by PE-MOCVD on three kinds of SiO2 substrates: SiO2/Si (100) wafer, 
amorphous quartz and z-cut (100) single-crystal quartz substrates.  
The specifications of three kinds of substrates employed are shown below:  
1) amorphous quartz (SiO2), optically double polished, 20 mm × 20 mm × 3 mm;  
2) commercially used SiO2/Si wafer, i.e., SiO2 covered (100) single-crystal Si 
wafer, 10 mm × 10 mm × 1 mm. Thickness of the thermally grown SiO2 was 
approximately 2 nm; 
3) (100) z-cut synthetic single-crystal α-quartz (SiO2) plate, 10 mm × 10 mm × 1 
mm. The samples were lapped and double polished. 
The three substrates were all excellent insulators. Table 5.1 briefly indicates some 
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important parameters of the three substrates in our study. 
 
Table 5.1.  Some important parameters of three kinds of substrates involved [1-4].  
 
Substrate Structure Band gap 
z-cut quartz α-quartz ~9 eV 
amorphous quartz amorphous bulk ~9 eV 
SiO2/Si (100) wafer amorphous thin film ~8 eV 
 
 Among several structural polymorphs of SiO2, α-quartz is the most stable crystalline 
form of silicon dioxide. Crystalline quartz undergoes a reversible solid-state phase 
transition at approximately 573°C; the low temperature phase is referred to as α-quartz, 
and the high temperature phase is referred to as β-quartz. Once a sample of β-quartz is 
lower than 573°C, it automatically transforms into α-quartz. α-quartz is of trigonal 
crystal structure. The trigonal crystal system is really part of the hexagonal crystal 
system, with only one minute difference: true hexagonal minerals have sixfold 
symmetry, whereas the trigonal minerals have threefold symmetry.  
Amorphous quartz, which is also named fused quartz, has a high melting 
temperature and is widely used as substrate materials.  
Thermally grown ultra thin SiO2 film (20 Å thickness) on (100) boron doped p-
type Si, a very high quality amorphous insulator with excellent mechanical properties, 
was also used as substrate. SiO2 is the most commonly used insulator (energy gap≈8 
eV) in semiconductor device technology. The wafer, consisting of thermally grown 
amorphous SiO2 layer on Si, was provided by a local wafer fabricator. 
"Devitrification"- that is the crystallization of amorphous crystal - of quartz furnace 
tubes used for high-temperature oxidation is sometimes observed after the tubes are 
switched on for thousands of hours at temperatures exceeding 1200°C [5]. Since our 
growth temperature was not higher than 500°C, crystallization of amorphous SiO2 was 
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unlikely to occur. The beneath Si bulk has a minimum indirect gap of 1.12 eV, and the 
minimum direct gap of 3.4 eV.  
The XRD pattern of the z-cut single-crystal quartz in θ−2θ scan axis mode is 
shown in Figure 5.1. Three strong peaks at 21.15° (100), 42.66° (200) and 65.89° (300) 
appeared, confirming that it is a (100) single-crystal α-quartz.  
 
FIG. 5.1.  θ−2θ mode XRD pattern of the z-cut quartz substrate (λ = 1.54056 Å). 
 
Figure 5.2 illustrates the crystal lattice structures of α-quartz. Big balls indicate Si 
atoms, and small balls represent O atoms. The z-cut surface of single-crystal plate is 
vertical to the z axis (c-axis). The structure of α-quartz consists of corner-sharing SiO4 
tetrahedra so that each Si atom is bonded to four oxygen atoms, and one oxygen atom 
is bonded to two silicon atoms. For α-quartz, Si-O bond length is 1.62 Å, the angle of 
O-Si-O is 143°~147°, d1 = 4.26 Å for (100) plane, and d2 = 2.18 Å for (200) plane [6]. 
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FIG. 5.2.  Crystal lattice structure of α-quartz. Big blue balls indicate Si atoms, and 
small red balls represent O atoms. 
 
Figure 5.3(a)-(c) are AFM topographies of the surfaces of three kinds of substrates 
involved. The surface topographies of these substrates show artificially processed 
surfaces instead of naturally grown surfaces of crystalline states. Figure 5.3(a), the 2 
µm × 2 µm scan of amorphous quartz, reveals a very smooth surface. Figure 5.3(b), the 
2 µm × 2 µm scan of SiO2/Si (100) wafer, shows that many different-sized hill-like 
particles exist on the SiO2 surfaces. From Figure 5.3(c), the 2 µm × 2 µm scan of z-cut 
single-crystal quartz displays a smooth surface with a few particles.  
Of all these substrates, the surface of amorphous quartz is the smoothest, RMS = 
0.9 nm. (RMS = 1.2 nm for z-cut single-crystal quartz; RMS = 2.2 nm for SiO2/Si (100) 
wafer.) Although both SiO2/Si wafer and amorphous quartz are amorphous, their 















(c) z-cut quartz substrate (RMS = 1.2 nm). 
FIG. 5.3.  3-D surface topographies of (a) the amorphous quartz substrate, (b) the 
SiO2/Si (100) wafer substrate, and (c) the z-cut quartz substrate.  
 
 
5.2 Experiment   
 
Solid organic precursors were prepared in a glove box in order to protect the precursors 
from contamination. In this study, the nominal atomic ratio of 3:1 (EDX ratio of (3.46 
± 0.50):1) of dpm-based Cu and Al precursors were mixed before deposition. To 
minimize contamination, the PE-MOCVD reaction chamber was evacuated to 3-6 × 
10-6 torr using a combination of the mechanical pump and the turbo pump. After 
reaching the target vacuum level, the substrates were preheated at 120°C for one hour. 
At the same time, the transport pipe was heated to nearly 200°C. Next the substrates 
were heated to 450°C, and then argon and oxygen were introduced into the chamber at 
a flow rate of 35 sccm from two separate inlets. Argon acted as the carrier gas, and 
oxygen from another inlet was used to avoid any undesirable gaseous reaction. The 
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working pressure was controlled to 7.5 × 10-2 torr (10 Pa) before turning on the RF 
discharge. When the 150 W RF plasma was on, glowing purple discharge appeared and 
the deposition started. The start and finish times of every procedure were recorded to 
ensure the identity of every deposition experiment. Typical PE-MOCVD deposition 
conditions are summarised in Table 5.2. 
 
Table 5.2.  PE-MOCVD deposition conditions for the fabrication of Cu-Al-O films. 
 
Nominal Cu:Al ratio  3:1 
Substrate surface temperature  450°C 
Base pressure  3-6 × 10–6 torr 
Working pressure 7.5 × 10-2 torr  
RF discharge 150 w 
RF frequency 13.6 MHz 
Ar flow rate 35 sccm 
O2 flow rate 35 sccm 
 
Different techniques, such as XRD, XPS, AFM, UV-visible spectroscopy, and the 
Seebeck technique were employed to study the structural, electrical, and optical 
properties of the films.  
 
 
5.3 Results and Discussion   
 
5.3.1 Electrical Property  
 
The electrical resistivities of films were measured using the van der Pauw method. For 
opaque samples, the films grown on SiO2/Si (100) wafer, the thickness was measured 
using an alpha step 500 surface profiler. For transparent samples, films on amorphous 
quartz and z-cut single-crystal quartz, the thickness was revealed by a spectrometer 
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(Filmetrics F20 table-top film thickness system). The thickness of all these single layer 
samples was between 470 nm and 540 nm.  
The type of conductivity was tested by using the Seebeck technique [7]. The 
KEITHLY model6514 system electrometer was used to record voltage variation along 
with temperature. Sample E grown on z-cut quartz substrate was proven to be p-type 
by this method.  
Table 5.3 shows thickness, conductivity, and conductive type of as-grown films on 
the three kinds of substrates. 
 
Table 5.3.  The electrical property and thickness of as-grown films.  
 
 Sample E Sample D1 Sample D2 
Substrate z-cut amorphous quartz SiO2/Si 
Thickness (nm) 540 ± 5 470 ± 5 500 ± 5 
Conductivity (S cm-1) 0.036 n/a n/a 
Conductive type p type n/a n/a 
 
From the results, it was observed that under the same growth conditions, films 
could be insulators when grown on amorphous quartz or SiO2/Si (100) wafer substrates, 
or semiconductors when grown on a z-cut single-crystal quartz with a conductivity of 
0.036 S cm-1. The drastic differences in electrical conductivities indicated that 
crystalline states of substrates may affect the electrical properties of thin films. Single-
crystal quartz appeared to be a good candidate for growing p-type conductive Cu-Al-O 






5.3.2 Composition Charactereization 
 
5.3.2.1 XPS for the Film on z-cut Quartz and SiO2/Si Wafer  
 
The compositions of the films were investigated by XPS and XPD techniques. One of 
the advantages of XPS is its ability to characterize very thin surface layers. To 
eliminate the interruptive signal from the top ultra-thin contaminated layer, the surface 
layer was sputtered for 5 minutes. The XPS spectra of the films on z-cut quartz and 
SiO2/Si substrates are compared in Figure 5.4. The XPS peak positions herein were 
obtained after calibration. 
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FIG. 5.4.  XPS spectra for the films on z-cut quartz and SiO2/Si wafer substrates: (a) C 
1s, (b) O 1s, (c) Cu 2p, (d) Cu LMM, and (e) Al 2p and Cu 3p lines.  
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Normally, the spectra shift is observed due to the surface charge and machine 
errors. C 1s peak (284 eV) from surface contamination was used as the calibration 
standard. Therefore, we could reliably compare results after deducing the shifts of 7.2 
and 6.4 for the films on z-cut quartz and SiO2/Si substrates, respectively. Table 5.4 lists 
the binding energies of samples grown on z-cut quartz and SiO2/Si substrates. 
 
Table 5.4.  Binding energies Eb (in eV) of samples grown on z-cut quartz and SiO2/Si 
substrates before and after calibration. 
 
 C 1s Cu 2p3/2 Cu LMM Al 2p  
932.7  
(Cu0, Cu+ in Cu2O)
335 (Cu0) 
335.5 
(Cu2+ in CuO) 
Eb from 
handbook [8] 284 933.8 
(Cu2+ in CuO) 336.4~337.4 




for the film on 
z-cut quartz 
291.2 939.0 343.8 81.6 
Eb for the film 
on z-cut quartz 
after offset   
(7.2 eV) 
284.0 931.8 336.6 74.4 
Measured Eb 
for the film on 
SiO2/Si wafer 
290.4 938.1 342.8 80. 9 
Eb for the film 
on SiO2/Si 
wafer after 
offset (6.4 eV) 
284.0 931.7 336.4 74.5 
 
Observed from Figure 5.4(a)-(e), the valence states and chemical environments of 
films on the z-cut quartz and SiO2/Si (100) substrates appeared similar. Cu 2p3/2 peak 
of the film on z-cut quartz is 931.8 eV, while Cu 2p3/2 peak of the film on SiO2/Si wafer 
is 931.7 eV. Cu LMM peak of the film on z-cut quartz is 336.6 eV, while that of the 
film on SiO2/Si wafer is 336.4 eV. Al 2p peak of the film on z-cut quartz is 74.4 eV, 
while that of the film on SiO2/Si wafer is 74.5 eV. The “shake-up” peak of Cu2+ 2p3/2 
coer level at around 943 eV is the indicator of Cu2+. The weak “shake-up” peaks may 
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reveal that there are smaller amounts of Cu2+ for both films. Based on the combination 
of Cu2+ 2p3/2 peak and Cu LMM peak, it can be concluded that CuAlO2 and Cu2O 
comprise the major portion of the Cu-Al-O films, while CuAl2O4 and CuO exist only 
in small amounts. The compositions of the films on both substrates were same. These 
results are in accordance with the results of last chapter. 
 
5.3.2.2 XRD Analysis  
 
To reduce background noise generated from substrate and allow substantive radiation 
from the X-ray tube to be diffracted in the thin film, the incident angle was fixed at a 
small value (ω = 2○) in the 2θ scan axis mode. 2θ scan mode is expected to detect 
more diffraction planes than θ-2θ scan mode for the thin film samples. 
As shown in Figure 5.5, diffraction peaks were only detected for the film 
deposited on the z-cut single-crystal quartz indicating its crystalline structure. Table 
5.5 lists the possible phases corresponding to the appeared XRD peaks. As discussed in 
the Chapter 4, these peaks can be assigned to: CuAlO2 {(101), (015), PDF 77-2493}, 
Cu2O {(111), PDF 74-1230}, CuAl2O4 {(422), PDF 33-0448}, and Al2O3 {(151), (044), 
PDF 88-0107}. Obvious (101) and (015) peaks indicate that the dominant phase in the 
film was CuAlO2. The strong CuAlO2 peaks, together with the XPS observations, 





FIG. 5.5.  2θ mode XRD patterns of (a) the film E and (b) the z-cut quartz (λ = 
1.54056 Å). * depicts the peaks of the z-cut quartz.  
 
Table 5.5.  XRD peaks from film E.  
 
2θ 36.3° 37.9° 45.5° 55.4° 59.5° 60.2° 
d 2.47 Å 2.37 Å 1.99 Å 1.66 Å 1.55 Å 1.54 Å 











PDF No. 77-2493 74-1230 77-2493 33-0448 88-0107 88-0107 
 
As shown in Figure 5.6, the XRD scan of the film on the SiO2/Si (100) wafer has 
no new peak with respect to the substrate. (Several strong background signals belonged 
to bulk (100) single-crystal Si underneath the ultra-thin amorphous SiO2.)  
As presented in Figure 5.7, XRD pattern of the film on amorphous quartz substrate 
showed only a broad, amorphous hump, indicating an amorphous or nanocrystal phase. 
The XRD pattern shows small humps at about 10-17○ and 36○ respectively. The hump 
at 10-17○ might correspond to SiO2 (111) of 2θ = 14.8○ and CuAlO2 (003) of 2θ = 15.7○, 
while the hump at 36○ corresponds to CuAlO2 (101).  
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Based on the XRD results in Figures 5.6 and 5.7, it seemes that commercially used 
Si/SiO2 (100) wafer with amorphous surface and amorphous quartz were preferred for 
growing amorphous or nanocrystal phase of films. It is expected that single-crystal 
quartz substrate appeared more suitable for growth of crystalline oxide film than 
FIG. 5.7.  2θ mode XRD patterns of (a) the film on amorphous quartz and (b) the 
amorphous quartz (λ = 1.54056 Å). 
FIG. 5.6.  2θ mode XRD patterns of (a) the film on SiO2/Si (100) wafer and (b) 
the SiO2/Si wafer (λ = 1.54056 Å).
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amorphous substrate in our CVD processes, which is consistent with previous works 
[9-11].  
In this study, the crystalline film showed higher electrical conductivity than its 
amorphous or nanocrystal counterparts. As we know, when the amorphous phase 
changed to the crystal phase, the point defects of the crystal phase lattice are 
transformed into the dangling bond defects, which may affect the electrical property 
[12]. As mentioned earlier, the conduction mechanisms for amorphous and 
polycrystalline films are different. In amorphous materials, the hopping process is the 
most dominant conduction mechanism. In crystalline films, mobility depends on 
scattering mechanisms [13].  
However, grain boundaries have bonding that is weaker and less complete than 
that within the bulk of the grains because they represent a disruption of the crystalline 
order [14]. Grain boundary scattering is an important scattering mechanism in 
polycrystalline semiconductors. These boundaries contain fairly high densities of 
interface states which trap free carriers from the bulk of the grain and scatter free 
carriers by virtue of the inherent disorders and trapped charges. Moreover, in interface 
states, grain boundaries result in a space region, causing band bending as potential 
barriers [13].  
 
5.3.3 Surface Topography  
 
Surface topographies of the films are illustrated by the 3-D AFM topography images, 
which are sensitive only to the height variation of the surfaces. The decreasing 
brightness in the AFM images indicate changes in the surface height topography from 
higher to lower values.  
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As shown in Figure 5.8, the film on amorphous quartz is a continuous film, and 
most of the particles were small-sized and irregular shaped, with RMS = 1.6 nm. 
Lateral 2-D growth was dominant for the film on amorphous quartz.  
As shown in Figure 5.9, the continuous film on SiO2/Si (100) wafer was composed 
of different sized, hill-like particles, with RMS = 4.6 nm. 
As shown in Figure 5.10, the film on z-cut single-crystal quartz was continuous, 
with RMS = 3.3 nm. Nearly same-sized and evenly distributed hill-like particles were 
the features of this film. 
It is widely known that hetero-epitaxial growth can be carried out when using 
single-crystal substrates. The regular particles on the film surface of the z-cut single-




















FIG. 5.10.  3-D surface topography of the film on z-cut quartz (RMS = 3.3 nm). 
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Although grown under the same conditions, different crystalline states of substrate 
affected the growth process, which in turn affected the film topographies. The initial 
substrate surface topography affect the arrangement of incoming atoms, therefore the 
substrate characteristics can affect the first stage of film growth. In addition, the 
surface topographies of thin film influenced the flow of charge carriers by interrupting 
carrier transit along their mean free path. This suggests that amorphous or nanocrystal 
and polycrystal films have different electrical properties in our CVD films.  
 
5.3.4 Optical Property    
 
TCO materials are generally transparent in the visible and near-infrared range and 
reflective to thermal infrared radiation. For large wavelengths, high reflection is due to 
free electrons, and for very low wavelengths, absorption is due to fundamental band-
gap. The optical properties of the TCO films are dependent on dopant concentration 
and growth conditions. The substrate temperature maintained during growth of the film 
influences the optical properties. This may be attributed to substrate temperatures that 
decide the extent of oxidation and free carrier concentration. The absorption edge 
shifted towards higher energy with increased carrier concentration, which can be 
explained by the saturation of the interband light absorption (the Burstein-Moss model). 
For films with relatively higher carrier concentration (≈ 1020 cm-3), band gap 
narrowing is due to electron-electron scattering [13].  
UV-visible spectrometer was used to acquire general optical information about 
transparent films. Optical information of the films grown on the opaque wafer cannot 
be measured with existing equipment. Figure 5.11 shows the optical transmittance 
spectra for Cu-Al-O thin films on z-cut quartz and amorphous quartz in the visible 
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range (400-700 nm). Normalized transmittances at 500 nm film thickness for both 
films were about 40% at 400 nm, 72% at 700 nm for the film on the z-cut substrate, 
and about 63% at 700 nm for the film on amorphous quartz. This may indicate that the 
different crystalline states (single-crystal and amorphous) affected the transmittance of 
films slightly in our CVD processes.  
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FIG. 5.11.  Transmittances of the films on the substrates of z-cut single-crystal quartz 
and amorphous quartz. 
 
Single crystals have no grain boundaries to scatter light. The grain boundaries of 
the polycrystalline film on the z-cut quartz may be one of the reasons inducing the 
small difference in the transmittance spectra between the films on two kinds of 
substrates [5]. However, since the proportion of compositions in the films and their 
growth conditions are identical, optical properties of films should be very similar. 
Figures 5.12 and 5.13 depict that the films on z-cut single-crystal quartz had two 
direct band gaps of 3.1 eV and 4.7 eV, while the insulating film on the amorphous 
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quartz had two direct band gaps of 3.3 eV and 4.3 eV. The band gaps depend on the 
carrier concentrations, which in turn depend on deposition conditions [13]. The same 
deposition condition may cause similar band gaps, although the crystalline states of 
substrates were different. As discussed earlier, the presence of more than one phase, 
which could be Cu2O, CuAlO2, CuAl2O4, Al2O3 and CuO, may induce the multi-
inflection phenomenon.   
 
 





FIG. 5.13.  Direct band gap of the insulating film on amorphous quartz. 
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For the application of transparent conductors, an understanding of the origin of 
carriers and dominant scattering mechanisms that limit performance, especially the 
mobility of the carriers in the TCO is required. This understanding is necessary to 
accurately determine the optimum combination of mobility and carrier concentration, 
thus achieving the necessary conductivity and transparency. However, this must be 
done without introducing mid-gap states that might affect transparency. This can be a 
difficult chanllenge with materials that are deposited at low temperature and have very 




5.4 Conclusion    
 
Three kinds of SiO2 substrates were used in our study and they influenced the surface 
topographies of the films. With the same nominal Cu:Al ratio (3:1), the films grown on 
single-crystal quartz were as conductive as 0.036 S cm-1. However, the films grown on 
amorphous SiO2 surfaces were insulating.  
In our study, the single-crystal substrate was preferred to crystalline growth of thin 
films; while the amorphous or nanocrystal films tend to grow on amorphous substrates. 
The crystalline states of films slightly affected basic optical properties of films in 
our study. The transmittance of the film on the z-cut substrate could be 72% at 700 nm, 
and that of the film on amorphous quartz could be about 63% at 700 nm. The little 
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1) Copper aluminum oxide (Cu-Al-O, stoichiometric and non-stoichiometric CuAlO2) 
thin films (400~560 nm) were grown on single-crystal quartz substrates by the PE-
MOCVD. The structural, electrical, and optical properties of films, especially electrical 
conductivity and optical transmittance, were significantly affected by the ratios of 
Cu:Al under the same growth conditions. The films could be insulating or 
semiconducting with nominal Cu:Al ratios ranged from 1:1 to 6:1. With a nominal 
ratio of Cu:Al = 1.5:1, the conductivity was as high as 0.289 S cm-1, while the 
transmittance could be as high as 80%. In all these films, more colored Cu2O reduced 
the transmittance of fims in the visible range.  
 
2) Compositions and structural property were studied using XRD combined with XPS. 
Crystalline CuAlO2, CuAl2O4, Cu2O, and Al2O3 were detected. CuAlO2 and Cu2O 
were the major compounds of Cu-Al-O films. 
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3) The topographies of thin films were affected by the Cu:Al ratios. All the films 
grown were dense with good adhesion.  
 
4) P-type conductivity was proven with the Seebeck technique for the conductive 
samples E, H, and F, with nominal Cu:Al ratios ranged from 1.5:1 to 3:1. The p-type 
conduction may be due to the Cu vacancies and/or oxygen excess in the films. 
 
5) At the same nominal Cu:Al ratio of 3:1, the crystalline films grown on single-crystal 
quartz were conductive; however, the amorphous or nanocrystal films grown on 
amorphous SiO2 surfaces were insulators.  
 
6) In our study, the single-crystal substrate was favorable for crystalline growth of 




6.2 Suggestions for Future Work  
 
1) Additional physical models are needed to better understand electrical and optical 
properties. For instance, a fundamental understanding of the constraints on maximum 
mobility and transparency imposed by crystal and electronic structure, film 
microstructure, and doping level is still lacking.  
 
2) There are some interesting phenomena that deserve further investigations with 
relevant principles and models. For example, the quantitative proportion of each 
constituent in the samples, especially the proportions of CuAlO2 and Cu2O; the 
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different surface topography caused by the Cu:Al ratio; and two direct band gaps for 
samples may need further exploration. 
 
3) There are many other control parameters involved that should be investigated, such 
as the oxygen effect, growth rate, and growth time, which have been considered by 
some researchers as very important parameters that influence the electrical and optical 
properties of the films.  
 
4) A more rigid and optimum control procedure is required to obtain more comparable 
data, such as the control of thickness and other parameters for films. Deposition 
uniformity and oxide stoichiometry at the film surface may need additional work. 
 
5) The study of thermodynamics of the Cu-Al-O ternary system is an interesting 
approach, which is very helpful in achieving an understanding of the equilibrium 








i Some Commonly Used N-type TCOs 
Most research to develop highly transparent and conductive thin films has focused on 
n-type semiconductors consisting of metal oxides. AgInO2 doped with Sn ions is the 
first delafossite oxide with n-type electrical conduction, and was regarded as a 
promising delafossite candidate for homostructure p-n junction. Historically, TCO thin 
films composed of binary compounds such as SnO2 and In2O3 were developed by 
chemical and physical deposition methods. Impurity-doped SnO2 (Sb- or F-doped 
SnO2, e.g., SnO2:Sb or SnO2:F) and In2O3:Sn (indium tin oxide, ITO) films are in 
practical use. In addition to binary compounds, ternary compounds such as Cd2SnO4, 
CdSnO3, and CdIn2O4 were developed prior to 1980, but their TCO films have not 
been widely used [1,2]. 
 
a) Tin Oxide (SnO2)  
SnO2 is of tetragonal rutile structure. It is translucent, highly conductive, non-
flammable, and non-toxic.  
Completely stoichiometric SnO2 would be an insulator or ionic conductor. But in 
practice, the material is never stoichiometric and is invariably anion deficient-there are 
oxygen vacancies in the otherwise perfect crystal. Even a perfectly stoichiometric 
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SnO2 can be made conducting by generating oxygen deficiencies while heating the 
sample in a slightly reducing atmosphere.  
Introduction of dopant can affect the n-type conductivity. N-type conductivity will 
decrease with a lower valency cation, while n-type conductivity will increase with a 
higher valency cation. Similar effects can occur if the anion is replaced by higher or 
lower valency impurity. Various researchers observed that donor ionization energy 
decreased with an increase in donor concentration. Such effect is observed in most 
semiconductors.  
This is used as a conductor in clear static-dissipative films, as an antistatic agent in 
imaging elements such as photographic film and print paper, and as an antistatic agent 
in coatings for films used for packaging of semiconductor and electronic devices.   
 
b) Indium Oxide (In2O3)  
Single-crystal In2O3 is of cubic bixebyte structure. In2O3 is a non-stoichiometric 
compound under many conditions, with an In:O ratio larger than 2:3. It is usually 
oxygen deficient. These oxygen vacancies give rise to shallow donor levels just below 
the conduction band. The non-stoichiometry results in an n-type semiconductor.  
In its non-stoichiometric form, indium oxide is an n-type transparent 
semiconductor with high conductivity, high transparency in the visible region, and high 
reflectivity in the IR region (IR). It also possesses low catalytic activity in oxidation of 
CO.  Indium oxide has the same properties as ITO and SnO2 [3]. 
The properties of this material have led to technical applications such as 
transparent electrodes for solar cells, flat panel displays, and coatings for energy 
windows. Indium oxide can also be used to detect CO in the air due to its low catalytic 
activity in oxidation of CO. Indium oxide can be mixed with SeO2, Au, and Pd to 
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detect CO. Indium oxide shows high sensitivity to oxidizing gases (NOx, Cl2O3) in the 
concentration range between some parts per million (ppm) and some parts per billion 
(ppb) [3,4]. 
 
c) Tin-doped Indium Oxide (In2O3:Sn, ITO) 
ITO films prepared by various techniques are always polycrystalline and retain a 
crystal structure of bulk undoped In2O3. The properties of ITO can be understood by 
superimposing the effect of tin doping on the host lattice of In2O3. ITO thin films 
exhibit high electrical conductivity (>103 S cm-1), high transparency in the visible 
range, and high infrared reflectivity for wavelengths higher than 1 µm. ITO is a wide-
gap, degenerate semiconductor where electrons are the major charge carriers.  
The carrier concentration of ITO films decreases with oxidation, whatever the tin 
content. The carrier concentration is at a maximum for 6-8% Sn and decreases beyond 
this limit.  
Since 1960s, the most widely used TCO for optoelectronic device applications has 
been ITO. At present and in the foreseeable future, ITO offers the best available 
performance in terms of conductivity and transmittance, combined with excellent 
environmental stability, reproducibility, and good surface topography [5]. ITO can be 
used in applications such as electromagnetic shielding, functional glass applications, 
and flat-panel displays. It is also widely used in the fields of aerospace, architecture, 
and solar energy and lighting. The requirements for ITO thin film for flat panel display 
applications are high transparency (> 90%) in the visible regime of light, a spectrum 
combined with low resistivity, low particle count, and good uniformity [1]. ITO is 
typically manufactured by dc-magnetron sputtering.  
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d) Cadmium Stannate (Cd2SnO4) 
There are two phases of cadmium stannate: Cd2SnO4 and CdSnO3. As-grown crystals 
of Cd2SnO4 are nearly stoichiometric and have high resistivity. Cadmium stannate can 
be conductive through doping with Sb2O4, resulting in Cd2Sn1-xSbxO4. CdSnO3 is not a 
transparent conductor, but continuous edge sharing of Cd2+, In3+, and Sn4+ octahedra 
seems to be a necessary criterion for transparency. 
Crystals of Cd2SnO4 are generally orthorhombic. Half of the cadmium cations 
occupy tetrahedral sites; the remaining cations are distributed with tin cations at the 
octahedral sites (Cd[SnCd]O4 ).  
Cd2SnO4 has a wide band gap of 3.04 eV, metal-like electrical conductivity ~ 103 S 
cm-1; high carrier concentration ~ 1020 cm-3; and sufficiently high mobility ~ 45 cm2 V-1 
s-1. The electrical properties depend on deposition techniques, deposition parameters, 
and post-deposition annealing. The films are transparent in the range 0.5 – 2.5 eV. 
Transparency can be reduced beyond 2.5 eV because of interband absorption. However, 
at values less than 0.5 eV, the contribution of plasma reflectivity is quite evident. Films 
have an average transmittance greater than 80% throughout the visible range. 
Cd2SnO4 may be used in thin film transparent heat mirrors. The transparent heat 
mirror is a surface that transmits visible light but reflects infrared radiation. Cd2SnO4 is 
suitable because it has a direct band gap ≈ 3 eV, thus allowing transmission of solar 
radiation [6].  
 
e) Zinc Oxide (ZnO) 
ZnO is an odorless white powder with a bitter taste; it absorbs carbon dioxide from the 
air and has greatest ultraviolet absorption of all commercial pigments. It is soluble in 
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acids and alkalis and insoluble in water and alcohol. It is also non-combustible and 
non-toxic as a powder. It possesses high brightness, very fine particle size, and a 
relatively high refractive index; it effectively protects the organic binder from the sun’s 
rays. ZnO is a II-VI semiconductor with a wide band gap of 3.37 eV, a direct gap band 
structure at room temperature, and an exciton binding energy of 60 meV. The 
combination of high excitonic and biexcitonic oscillator strength and good high 
temperature characteristics make ZnO a promising material for optical applications. 
ZnO is a semiconductor with a blue luminescence and a high optical gain to amplify 
light. Its conductivity is due to non-stoichiometry consisting of excess metal. ZnO 
doped with N had a conductivity of 10-2 S cm-1 and a brown color [7].  
Piezoelectric and acousto-optic properties of ZnO have been explored in the past. 
The first widespread use of ZnO was in “electrofax” photocopying, which preceded the 
modern xerography. It has been used as a visible and ultraviolet photoconductor and as 
a fluorescent material. It is a material that has been used extensively in electronic 
components, such as resistors and diodes. ZnO may also be used as a substrate for 
epitaxial growth [6].  
 
 
ii New TCOs 
In recent years, the development of TCO materials has focused on three types of 
materials: 1) binary compounds, 2) ternary compounds, and 3) multi-component 
oxides.  
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a) Binary Compounds  
Binary compounds are used as TCO materials because their chemical composition in 
film depositions is easier to control than that of ternary compounds and multi-
component oxides. Until now, impurity-doped SnO2, In2O3, ZnO, and CdO films have 
been developed as TCO binary compound materials. The transparent conducting thin 
films of these metal oxides can also be prepared without intentional impurity doping. 
However, undoped binary compound materials are not commonly used because 
impurity-doped materials can use both native and impure donors [2].  
 
b) Ternary Compounds and Multi-components 
Ternary compounds are used because their chemical structures and properties are very 
suitable for developing TCO films needed for specialized applications. The TCO films 
were prepared by magnetron sputtering using materials consisting of multi-component 
oxides composed of combinations of ternary compounds such as MgIn2O4, ZnSnO3, 
GaInO3, Zn2In2O5, and In4Sn3O12. Studies have concluded that TCO films can be 
obtained in multi-component oxides of different composition ratios of ternary 
compound TCO materials, such as Zn2In2O5-MgIn2O4, GaInO3-Zn2In2O5, Zn2In2O5-
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